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ABSTRACT

The work presented nere is in six Sections. In the first, we review the main
aifferences between the plasma cnvironments in geostationary orbit and low polar
oroit with regard to high-voltage charging situations. in Section Z, we develop a
simple rough estimate of the required conditions for overall charging of a large
spacecraft in low-orbit aurorai-zone conditions. The results indicate that for any
given spacecraft, surface potentials are likely to depend more strongly on the
ratio of ambient flux of high-energy electrons to that of ali ions than on any other
environmental parameter, and this prediction has been corroborated by results of
Gussenhoven et al for the DMSP satellites. In Section 3, we present results
from a caiculation of escape currents of electrons emitted from negatively-
charged spacecraft surfaces having various orientations relative to the direction
of the local magnetic field B. The suppression of such currents by B effects
indicates that on mostly-dieiectric large spacecraft such as the Shuttle Orbiter,
local charging, especially on surfaces nearly parallel to B, may occur in
ionospheric conditions which do not produce overall charging. This extends, to
iower equivalent temperatures, the range of aurorai-electron plasma conditions
in which one can expect such a spacecraft to undergo high-voltage charging. We
aiso investigate surface currents of nonescaping emitted electrons. In Section 4,
we propose a wake-induced-barrier-effect mechanism which also suppresses
escape of emitted eiectrons. This effect appears to permit beam-induced as well
as polar-orbit high-voitage charging to occur. In Section 5, we present
preliminary resiilts of numerical simulation work directed toward making
detailed tests of the predictions made in Sections 2-4. Section 6 contains some

concluding remarks.
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1. INTRODUCTION TO THE AURORAL-ZONE CHARGING PROBLEM

The prediction of high-voitage charging or other environmental effects on a
spacecraft in low Earth orbit is more difficult than in geosynchronous orbit, for
at least three reasons: (a) space charge effects (on sheath and wake potentials)
are more important, because space-charge densities are much higher (the Debye
length is no longer >> typical spacecraft dimensions) (b) ion flow effects are
more important, because spacecraft orbital speed > ior thermal speeds (c) the
geomagnetic field B is iikely to have an important influence on charged-particle
motions because B is now much larger, and not all of the average particle
gyroradii of importance are any longer >)> typical spacecraft dimensions. In the
case of the Shuttle Tobiter, otier complications arise. Tie most important one
is that its surface is aimost entirely dielectric rather than conductive. The
possibility therefore exists that local charging may occur on the Orbiter,
especially on its downstream-facing surfaces, in ionospheric conditions which do
not produce overall charging. Another complication for the Orbiter is that
charged-particle mean free paths may not always be much larger than spacecraft
size, especially during thruster firings and water dumps. A further complication

arises from evidence that spontaneous oscillations occur in some parts of the




Orbiter’s ionized wake. Although there is no evidence that these can
substantially affect the likelihood of high voitage charging, this issue is largely
unexplored. Another complicating factor is the geometrical complexity of the
Crbiter’s cargo bay area. When this study was begun. nolar orbit Shuttle flights
appeared to be imminent, and its primary motivation was the nced to gain an
understanding of all important offects governing the possibility of high-voltage

charging on the Orbiter’s exterral surfaces.

Table { summarizes some important characteristic lengths and speeds for
low-orbit conditions. A surprising featurc of this Table is that the sheath
thicknesses indicated are much larger than the ambient Debye ! ength, but this is
because the sheath potentials are much larger than the ambient-particle thermal
erergies. These distances are at most comparable to typical spacecraft
dimensions, in contrast with the geosynchronous situation. Table 1 also shows
that secondary electrons have an average gyroradius {< typical spacecraft
dimensions, so their escape will be inhibited strongly on surfaces which are
nearly parallel to the magnetic field B (Fig. 3.1), while auroral electrons have
an average gyroradius » typical spacecraft dimensions, so their collection will
be affected only moderately, except for very large spacecraft. We return to this

question in Section 3. Also evident from Table ! is the large value of the ion




specd ratio (spacecraft speed/ion most-probable thermal speed) in low-orbit
conditions. In these conditions, ion coliection on downstream surfaces will be
inhibited. If a surface is simultaneously downstream and nearly parallel to the
magnetic field, as is likely to be the case in the aurorai zones, then the tendency

for high-voltage charging to occur on it will be greatly increased (Fig. 3.2).

High-voltage charging of large spacecraft by the low-polar-orbit plasma
environment was first predicted by Parks and Katz (1981). The first observation
of such charging was made by Gussenhoven et al (1985) using the DMSP 6 and 7
satellites. Their observations indicate that high-voltage charging (conventionally
defined as involving spacecraft surface potentials at least 100 volts different
from that of the surrounding plasma) will be environmentally produced only when
a spacecraft encounters an "auroral” electron plasma which imposes on it a
sufficiently large ratio of "hot" electron ambient flux to total ion (ambient or
ram) flux (see their Fig. 7 and associated discussion). This corroborates a
prediction, made by Laframbois~ (1985b), that for any given spacecraft, surface
potentials are likely to depend more strongly on the ratio of ambient flux of high-
energy electrons to that of all ions, than on any other environmental parameter;
see also Laframboise and Parker (1986,1987). Section 2 of this Report
contains a derivation of this prediction. The theoretical prediction of Parks and

Katz (1981), Katz and Parks (1983), indicates that such charging is more iikely
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for larger spacecraft because electron collection increases more rapidly with

spacecraft size than ‘on collection does.

[t is gener‘ally accepted alsc that high—vullage charging will occur only when

the ambient electron plasma has a relatively large fraction of its total flux at

energies well above the secondary-yield maximum of the spacecraft surface
material(s), so that secondary electrons are not emitted in sufficient numbers to
discharge the spacecraft. This situation involves "threshold” behaviour, with a
large increase in surface ~harging produced by very small changes in the ambient
distribution near the threshold condition (Rubin et al, 1978; Garrett and Rubin,
1978; Besse, 1981; Garrett, 1981; lLaframboise e al, 1282; Meyer-Vernet,
1982; Laframboise and Kamitsuma, 1983; Lai et al, 1983; Olsen, {983;
Mullen et al, 1986; Katz et al, (1986). It is also accepted that the spacecraft
must be in darkness, because the flux of photoelectrons from spacecraft surfaces,
which is in the range 10-50 uA/m? for most surface materials (Feuerbacher and
Fitton, 1972; Grard, 1973) is generally larger than the flux of high-energy
auroral electrons encountered during known polar-orbit charging events, which is
usually about 10 uA/m? (Gussenhoven et al, 1985, Fig. 11). However, this is
not always the case; the two "type-1" auror.l-electron distributions reported by

Yeh and Gussenhoven (1987, Table 2a) have fluxes of 57 and 42 pA/mz.




Laframboise {1985a, 1988) pointed out that magnetic-field effects may
suppress secondary-electron escape and thereby increase the likelihood of high-
voltage charging. F.scape of photoelectrons should be suppressed similarly,
Secause secondary electrons and photcelectrons both have relatively low average
energies of emission, such that Maxwellian fits to their emission-velocity
distributions give temperatures of about 3eV and 1.5eV respectively (Sternglass,
{954; Hachenberg and Brauer, 1959: Chung and Everhart, {974; Hinteregger et
al, 1959; Feuerbacher and Fitton, 1972; Grard, 1973; Wrenn and Heikkila,
1973). However, no examples of davlight polar-orbit high-voltage charging have
so far been seen. In Section 3 of this Report, we examine this suppression
effect in detaii. In Section 4, we examine another effect, the waxe-induced-
barrier effect, which can also suppress secondary-electron or photoelectron
emission from surfaces in the wake of a large dielectric-covered spacecraft.
Either of these effects may produce local high-voltage charging in circumstances
which would net produce overall charging. in particular, they extend, to lower
equivale'” . -aperatures, the range of auroral-electron plasma conditions in

which oie ¢ ;- xpect such a spacecraft to undergo high-voltage charging.




In Section S of this Report, we present preliminary results from a numerical
simulation which was constructed for the purpose of making detailed tests of the
credictions made in Sections Z-4. This work invelves calculations of floating-
potential distributions on infinite dielectric cylinders in collisionless plasma

crossflows whose properties model those of the auroral plasma.

Section 6 contains some concluding remarks. We use SI units throughout.




2. ESTIMATE OF REQUIRED ENVIRONMENTAL. CONDITIONS FOR LOW-POLAR-
ORBIT CHARGING.

In this Section, we develop a simple rough estimate of the conditions necessary
for high-voltage whole-body charging of a large spacecraft in low polar orbit, and we
show that spacecraft surface potentials are likely to depend more strongly on the
ratio of ambient flux of high-energy electrons to that of all ions than on any other
applicable environmental parameter. To do this, we make the following

approximations:

(1) In this Section, we assume that magnetic-field effects on charged-particle
motion are negligible. This assumption should be acceptable for initial estimates
because the gyroradii of ions and high-energy electrons are generally a few meters
or larger, especially in a high-voltage sheath (Table 1), and collection of "cold"
(~0.1 eV) ionospheric electrons by a negatively-charged spacecraft will be very
small, so their density is well-approximated by a Boltzmann factor, independently of
the presence of a magnetic field. In Sec. 3, we return to the question of magnetic-

field effects.

(2)  We assume that ambient high-energy electrons have an isotropic velocity
distribution. l.arge departures from this have been observed in auroral-plasma
conditions (Fennell et al, {981; [.in and Hoffman, 1982; W.J. Burke, 1984, private
communication; Yeh and Gussenhoven, 1987), but this should not seriously affect the
type of rough estimate made here. Parks and Katz (1981) ard Katz and Parks
(1983) assumed both the ion and electron fluxes to be unidirectional; we discuss this

poirt later in this Section.




(3) We ignore secondary-electron emission; magnetic-field effects would tend to

suppress this on some parts of the spacecraft in any case {l.aframboise (1983a,

19895); Sec. 3}.

(4)  We assume that the spacecraft is a unipotential sphere, large compared to the
typical ambient Debye length of £ 1 cm (Table 1). We consider only overall charging
of the spacecraft. This neglects the possibility that local high-voltage charging may

occur, especially on surfaces in the spacecraft wake (Sections 3-5).

(5)  We assume that both ions and electrons have double-Maxwellian velocity distri-
butions, with the colder component in either case having a temperature of 0.1 eV,
and the hotter 1 keV or larger. In the spacecraft reference frame, these are super-

posed on a drift velocity equal and opposite to the spacecraft velocity.

(6) lons are assumed to be either H* or O*.

Note that assumption (3) could cause a false prediction that high-voltage charging
occurs, while assumption (4) could cause a false prediction that it does not. The
effects of assumptions (1), (2), and (5) are less clear; these could conceivably either
increase or decrease predicted surface potentials. With regard to (6), assuming that
the ions are H* results in maximum wake-filling by ions. If there are any electri-
cally-isolated surfaces in the spacecraft wake, this would result in decreased surface

potentials (magnitudes); assuming O* gives the reverse (see also Sec. 4).

Probably the most serious difficulty in formulating a theory for low-orbit
charging is the prediction of ion collection on downstream surfaces. As mentioned in

assumption (4) above, we avoid this difficulty by considering only total, rather than




local, ion collection, on a unipotential sphere. We return to the question of local ion
collection in Sec. 4. Kanal (1962, Eq. (63)] gives an expression for the total ion
current coilected by such a sphere from a drifting Maxwellian plasma in the limit of
zero potentials (relative to space potential), as follows:

=4 (S + e erf(S,) + exp(_-Siz)] (2.1)

1 IR

. . . 3 _
where i = Ii/loi’ [ . is the ion random current en; . (kTi/2Trmi) , Si =

oi
U/(ZkTi/mi)§ is the ion speed ratio, U is the ion drift speed relative to the space-
craft, e is the magnitude of the electronic charge, k is Boltzmann’s constant, and m.s

T'x’ and Ny are ion mass, temperature, and ambient number density. We assume

that {J = 8 km/sec, corresponding to low circular orbit.
p g

We need to take account of the effect of a large ion-attracting surface potential on
ion collection, in the limit of small Debye length >\D compared to the sphere radius
re- To do this, we use a result of Parrot et al (1982). These authors show that for
a probe in a collisionless, nonmagnetized, Maxwellian plasma having Ti/Te =1 and
without ion drift, and in the limit when AD/rS — () but fecps,/kT >> 1 [where q’JS is
surface potential relative to space, and these limits must be approached in such a
way that (—ecps/kT) (>\D/rs)“/3 remains << 1, i.e., sheath thickness remains << sphere
radius], the ion (attracted-particle) current is larger than the random current by a
factor of 1.45. This factor represents the effect of "presheath" electric fields on ion
collection. Even though several of their assumptions are unfulfilled in our case, the
resulting effects on ion collection are probably small enough for our purposes. We
therefore multiply Fq. (2.1) by the same factor to obtain an estimate of total ion

collection as influenced by surface-potential effects. The resuiting ion-current




dependence on ion speed ratio is plotted in Fig. 2.1. For O jonsat T = 0.1 eV
(1160K), H* at 0.1 eV, O'at {keV, and H* at tkeV, we have Si = 7.31, 1.83,
0.0731, and 0.0183 (the latter two are effectively 7ero), respectively. The corres-
ponding ion-current enhancement factors (values of i) from Fig. 2.1 are 9.50, 2.69,
1.45, and 1.45, respectively.

if the ambient ions are i, the ion collected current is now given by:

where the subscripts ic and ih refer to the cold and het ion populations. If the ions

are O, then the factor 2.69 in (2.2) should be replaced by 9.5C.

The electron collected current is:

_ 2 f kTec 4 redg
[, = 4mr® engg i.ane} expt Tflzcj\
2 chh ed)s (3
g C“eh{ Zrm, } exp{ T } :

If high-voltage charging occurs, then -e¢_ >> kT _ , and the first term on the right-

hand side of this equation becomes negligible.

10




For current balance, [. = Ie. This leads to:
_ - =TT -el¢_|/kT
2.69n, VT, + 1.45n, VT = =n, Vm/m, VT.e s/ eh
(2.4)

where Y'm,/m_ = 43 for H* ions. Therefore:

[ 43n VT ]

hi
l269n VT, + 1.45n, VT, l

2. 5)

e!d>si/kTeh =

for H* ions, with 43 and 2.69 replaced by 172 and 9.50 for O' ions. This is

equivalent to:

‘\ hot-electron ambient flux 1
n

e|¢sl/kTeh = -
' 2.69 (cold-ion ambient flux) + 1.45 (hot-ion ambient flux)
: -

(2.6)
Fer high-voltage charging to becorne probable, the argument of the In function

must be close to or larger thane X 2.72, {.e:

hot-p‘octron arnbient flux
e e fe e 2 2.72.
2. 69\(‘Old ion ambxent flux) + 4. 4\)(ho -ion ambxent flux)

(2.7)
For O*/H* mixtures and for hot-ion temperatures other than 1 keV, generalization
of this result is straightforward. Since any hot ions are likely to have T, /T, ~ 104,
the hot-ion ambient flux will exceed the cold-ion ambient flux if the hot ions
constitute more than about {% of the total ambient-ion number density. Equation
(2.7) irdicates that the onset of high-voltage charging can be expected to depend

primarily on the ratio of hot-electron ambient flux to the ambient flux of all ions, as

11




m

mentioned at the beginning of this Section. This completes our argument in support
of this conclusion.

in analvzing spacecraft data, one is therefore likely to find better correlation of

spacecraft voitages with the ratio which appears in Eq. (2.7), or something nearly

eatal to it, than with any other measurable quantity, such as electron or ion density
or average energy, taken individually. This expectation has been borne out in recent
work by Gussenhoven et al (1985, Fig. 7), involving charging data from the DMSP
Tt and £/ satellites. In calculating values of this ratio, the ambient fluxes which
are :nvolved need to have been measured sirmultaneously on the same spacecraft.
Zver. though the approximations made in deriving (2.7) are severe, and the precise
cependence of spacecraft voltages on this ratio may therefore differ substantially
from that givenr in Eq. (2.7} (and the coefficients in (2.7) will need to be modified if
73 dorninates), our general conclusion, i.e. that spacecraft voltages should correlate
mest strongly with this ratio, or something nearly equal to it, is likely to remain
valid. Turthermore, the dependence of spacecraft voltages on this flux ratio is likely
‘o retain an approximately exponential form. In situations where most secondary and
dackscattered electrons emitted by the spacecraft will escape (see Sec. 3), primary-
zlectron incident fluxes will be approximately cancelled for many spacecraft
materials by electron escape at incident energies up to a few keV (Laframboise et
ai, 1982a,b; |.aframboise and Kamitsuma, 1983; Lai et al, 1583), so the hot-

electron ambient flux term in (2.7) needs to be modified accordingly.

The most serious approximation made in deriving (2.7) is prooably item (4) in the
.ist at the beginning of this Section. This is because ion fluzes on downstream
surfaces are likely to be very much smaller than their average over the entire
spacecraft (see also Sections 3-5). They are also iikely to be strongly dependent on
spacecraft geometry, local surface potential distribution, and O*/H* concentration

ratio. Therefore, the critical value of ambient flux ratio, at which the onset of high-

12

Q




voltage charging occurs, is likely to vary substantially among spacecraft having
different geometries and surface materials. In particular, for spacecraft having
electricaily-isolated downstream surfaces, this critical ratio is likely, because of
iocal charging on these surfaces, to be much lower than for spacecraft which have an

entirely conductive surface (Sections 3-5).

Furthermore, in contrast with the situation for total ion collection, nc
known, simple, reiiable method has been avaiiable for estimating ion fiuxes on
downstream surfaces. Parks and Katz {1383, Sec. 4; 1985) have developed an ior.
flux and density calculation for the downstream point on a sphere in a model potentia.
which has a giver, simple analytic form. In See., 4.3 and Appendix C we use a
similar method to develop an ion density calculation for the downstream locatior on a
cylinder in a collisionless crossfiow. Detailed numerical simulation, which
includes realistic self-consistent spacecraft sheath potential distributions, and whicn
probably needs to involve at least some ion orbit-following, will be essential to
determine the accuracy of such approximations. In Sec. 5, we report on preliminary

resuJits from a caiculation of this kind.

So far, we have not mentioned the difficulties which can arise in measuring the
ambient ion fluxes which appear in E£q. (2.7). So far, we have also defined "ambient
flux" to be that measured in an Earth-fixed reference frame. The alternative would
be to define it as that measured in the spacecraft frame, i.e., including ram effects.
lon fluxes measured by spacecraft instruments are strongly influenced by ram
effects. [n fact, the numerical factors 2.69, 1.45, and 6.50, which appear in Eg.
(2.7) and the associated discussion, already constitute a rough ram-effect correction,
but for total current to a sphere, not for local coliection by a forward-facing instru-
ment aperture. It may happen that the ram-effect correction factors for an

instrument are neariy equai to the above factors, so that the instrument measure-
13
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ment, without any correction, already gives a good estimate of the denominator of Fq.
(2.7). Inany case, the response of the instrument will depend on its geometry, and
this preblem has already been treated by cther authors (Parker, 1970; Parker and

Whipole, {970; Whipple et al, $1974; Chang et al, 1979; Singh and Baugher, 1981,

Jomfort et al, 1882 [aframboise, 19830, so we do not discuss it here.

Parks and Katz (1981) and Katz ard Parks (1983) have estimated charging

noteptiais on sphericar spacecraft of 0.5m and 5m radius, assuming that the ions are

t

7, the hot-electron temperature Teh is O keV, and spacceraft speed is 8 km/sco.
Their results can be compared directly with those given by our Egs. (2.5) - (2.7).
They have used the theory of angmuir and Blodgett (1924) to obtain values for
sheath radius as a function of spacecraft potential. They present spacecraft
notentials as functions of the ratio x of hot ("precipitating”) ~lectron ram current to
ion ram current.  To make a comparison, their value of « necds to be expressed in
rterms of our ambient flux ratio. They have assumed the ambient electron flux to be
unidirectional. To convert to an equivalent isotropic flux, we note that current to a

2

sphere = 4nr‘sz x isotropic (random) flux, but = mr X undirectional (ram) flux.

Therefore, equivalent isotropic flux = 4 x unidirectional flux, for a sphere.

Also for a sphere, the ratio of ion ram to random currents is

U,/(Bk'l'i/rrmi)é =4 Vr Si' Using Si = 7.31, this ratio = 6.48, so therefore:

their ¥ = hot electron ram current
e 5.48 x total ion random current

2 1 . .
nr ¢ x hot eiectron ram flux
s oo e o (2.8)
©.48 x 4nr_? x total ion random flux

D

hot electron {equivaiont) random flux

]
= e X
6.48 © total ion random flux

= z—izﬁ x our flux ratio R.
e L\
With coefficients for OF used, our Fq. (2.6) gives:
14
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¢, = -5000 in (R/9.50). (2.9;
Figure 2.2 shows our resuit and theirs from their Fig. 3 (1981) or Fig. 2 { 1933},
plotted together. At iarger potentials, the combined set of results shows a monotenic
. propression toward increased charging tor larger spacecraft. For "o < 350V, their

- o=

5m sphere shows more charging than our large-radius-limit sphere. This is because

their jon-current enbancement factor, which is determined by the size of a sharp-

edged Langmuir-Blodgett sheath, falia below curs, which includes the effect of a

quasineutral presheath. This discussiorn: suggests that the tendency toward high-
voltage charging always increases with spacecraft size) but magnetic-fleld effects
may modify this {{.aframboise, 1383a, Sec. 1; [Laframboise, 1988, Sec. ¢; see a.=o
Sec. 2.1 of this Report). The corresponding curves for iocal charging, on surfaces
in a spacecraft wake, will lie to the left of those shown in Fig. 2.2, but these

remain to be computed numerically, as we have done for a particular spacecraft

geometry in Sec. 5.
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CALCULATION OF ESCAPE CURRENTS OF FLECTRONS EMITTED FROM
NECATIVFLY-CHARGED SPACECRAFT SURFACES IN A MAGNETIC
=IELD.

INTRODUCTION T THE FSTAPE- T KRR ANT PRORB M

cooNec. 1) 0t was pointad it that i low Farth orbit, the geomagret:c fleic
B i more tikely te v an impertart o flience on charged-particie motions
than i~ goosyrchroncus erbit, because B is now much stronger, and not ail of
*he average particle pyroradii of importance are any longer >» typical
spacecraft dimensiors. In this Section, we wish to investigate an important
consequence of this situation, which concerns the escape of electrons emitted
from spacecraft surfaces. The emitted veiocity distributions of secondary

iectrons and photoelectrons are frequer'ly approsimated, in both speed ard

D

direction, by Maxwellians corresponding *o o temperature T close to 3 eV fer

v

(Sternglass, 1904, Hachenberg ard Brauer, 1259; Chung

secondary electrons
ancd Fverhart, {974) and 1.5 2V for nhotoelectrons (Hirteregger et al, {959;
Feverbacher and Fitton, 1972; Grard, {973; Wrenn and Heikkila, 1973;.
Back=cattered eiectrons have energy distributions which generally bear less
reserntliance to Maxwelliars, and they also have much larger average energies
(Sternglass, 1954, Fig. 8), so the treatment to be developed herein cannot be
applied as readily to them. However, their contribution to the prevention of
hign-volitage spacecraft charging is generally less decisive than that of either
secondary electrons or photoelectrons hecause their current contributiorn by its
nature s always smaller than that of the incident "primary" electrons. A
review of the properties of electron emission from surfaces in space has been

giver, by Whipple (1981).
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In low Farth orbit, in the auroral-zone geomagnetic field (IB1=0.44 gauss
= 4.4 > 107°T), the gyroradii of a "typical” 3eV secondary electror, a 1.5
eV photoelectron, and a 1) keV aurcrai electron are 13 ecm, 9 cm, and 8
m, respectively. The average gyroradius of "cold” ionospheric electrons
(temperature T = C.L eV} inthe same B 1s evern smatier (2 em), but this is
rot an importan’ parameter in mest cases because these electrons are repel.ed
if the spacecraft potential s nepative, and their density is then weli-

approximated by a boltzmann factor, which 1s unaltered by B effects.

The reason why B affects escape of emitted electrors is shown in Fig. 3.1
n tig. 3.1{s', "he spacecrart wirface 1s perpendicular to B, and the emitted

zlectrens, wnich vxperience an electric force -ekE directed away from the

surface, all escape, helping to discharge it. In Fig. 2.1(b), the spacecraft
£ ) F
surface is rearly paraiiel to B, and alimost all of the emitted electrons retiirn
t, even ‘hough they stili experience an electrie force directec away from it.
rese eiectrora tterefore are nanle to heip discharpe it, so a sur-face nearly
t )
parabel tu B s more likely to charge ‘o a large negative voltage. Note that
*he component of F. which 15 perpendicular to B results only inan E < B drift

parallel to the surface.

For any cbiet much larger than 13 cm, the escape of secondary electrons
=nd photoelectrons will be strongly affected by this process. For example,
most surfaces on the Shuttle are <ffectively "infinite pianes” by this critericn.
Or the other hand, the average gyroradius of high-energy auroral electrons is
comparatle o Snuttie dimensions, so the deposition of these e'ectrons ontc

Shuttle surfacen 15 likely to be only moderately ini-ibited.
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ror a larger object (size >> 8 n, deposition of auroral electrons will

i
'

aiso become strongly orientation-deper:ient, with both ~cllection and escape of

electrons now being inhibited on surfaces nearly paraliel to B. This suggests

tha® high-voltage charging of such surfaces may be mere likely on objects of
intermeaiate size than on either larper or smaller omes. In the calculatior. of
Parks and Katz (1981), Katz and Parks (1983), the tendency toward
hignh-voltage charging increased with spacecraft size hecause in their model,
ion coilection increased less rapidly with spacecraft size than did electror
coliection. To determine which of these two effects predominates will reqguire
more detailed calculations than have beer done so far. The theory of magnetic-
fiel: effects on current coilection by objects in space plasmas is still very

incomplete (Parker and Murphy, 1967; L.inson, 1969; Sanmartin, 1970;
Laframhoise and Rubinstein, 1976; Rubinstein and [Laframbeise, 1978, 1982,

1983; McCoy et al, 1980).

A= already mentioned, strong ion flow effects also are generally present in
.ow ardity the ion speed ratios (flow speed/most probable ion thermal speed)
for M at 1 keV, H™ at 0.1 eV, and OF at 0.1 eV are 0.02, 1.8, and 7.3,
respectively. Whenever the latter is the predominant jon species, ion
collection on downstream surfaces will be strongly inhibited. If a surface is
cimuitanecusly dowr<tream and nearly parailel to B, as is likely to be the
~ase in the aurora. vones, then the tendency for high-volitage charging to occur
onotowil! te greatly inereased (Fig. 3.0, An extersive literature exists on
wakes of catellites o ow Darth orbit. Reviews of it have been given by

Arundin (1963), Surevion et al (19701, Whipple (1981}, Samir and Stone
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11986), and Stone ardd Henir 11686). Most of this literature treats only low-
valtage wakes and conductive spacecraft.  Zxceptions include Parks and Katz

11983a,b), Parker (1983} and Laframboise and Parker (1987).

o ‘straightforwardly” inciude B effects o1 eioctron escape in 2 large two
or three dirnersional simulation vrogram would involve the numerical integra-
tior: of very large numbers of emitted-electron orvits. The resuiting computing
costs usually weuld be forrmidable, especially since most of these orbits would
~ave relatively large curvatures. A desirable alternative is ta "parameterize”
‘he situatinn vy treating in advance a simplified but still sufficiently realistin
model problem. Such a treatment also serves several other purposes. For
carticular situations, it permits simple estimates of the effects considerad. It
may nelp to stimulate exgerimental investigations of these effects. It alsc
permits gaining an understanding of some of the major effects which govern
the overall probiem, and this can be its most important use. In Sections
3.2-3.5, we develop a "parameterization” of magnetic-field effects on escaping-

clectron currents. i Sec. 3.6, we propose a simple approximate method {or

calculating the space-charge-density distribution of escaping electrons.
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3.2. THEORY FOR ELECTRIC FIEL.D NORMAL. TO SURFACE

1 order to develop a simplified treatment of electron escape, we make the
foliowing approximations. (1) We assume {Sec.3.1) that electrons are
emitted from the spacecraft surface with a Maxwellian velocity distributicn
corresponding to a temperature T. (2) We assume that the spacecraft surface
is an infinite plane, and the electric and magnetic fields E and B outside it
are uniform and time-independent. (3) In this Section, we assume that the
eiectric force -eE on electrons is directed along the outward normal to the
surface; here e is the magnitude of the elementary charge. This assumption
is relaxed in Sec. 3.4, in order to permit variations of potential along the

surface to be taken into account.

If -eE is normal to the surface, our assumptions irmply that the ratio i =
I/1, of escaping to emitted flux is a function of two parameters: the
angie 6 between the surface normal and the direction of B (Fig. 3.3), and a
parameter descrihing the strength of E. A convenient choice for this para-
meter is the difference in potential across the average emitted-electron
gyroradius a = ({/eB) (nka/Z)é,divided by kT/e, where m ts electron mass

and k is Boltzmann’s constant.

This guotient is:

_ B [/ mm
E:‘g ZET (3.1)

where F. = [E| and B =z iB .
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This quantity also has an alternative, more useful interpretation: it is the
ratio of the magnitude |E x BI/B? of the E x B drift speed, to one-half the
average thermal speed (8k7 /7 m)é of the emitted electrons. It is useful to
estimate the value of € for a high-voltage spacecraft sheath in low-orbit
conditions. Tc do this, we use the spherically-symmetric sheath solution of
Al’pert et al (1965, Table XXIV and Fig. 72). For a sphere of radius 3m
naving a surface potential of ~1 kV or -5 kV relative to space, in a collision-
less plasma having an ambient ion temperature of 0.1 eV, number density of
3 < 10% em ™, and resultant (ion) Debye length of C.43 cm, their results give,
respectively, sheath thicknesses of 2.6 and 6.1 m, and surface electric fields
E =0.86and 2.9 kV/m. UsingB=4.4 x 10T and T = 3 eV (1.5 eV) for
secondary electrons (photoelectrons) , we then obtain € = 33.9 and 114.2
(47.9 and 161.5). These are relatively large values, whose significance canr

be understood if we consider what would happen if € were infirite.

In this limit, it is easy to show that emitted electrons would all escape
unless B were exactly parallel to the surface (8 were 90°) . This can be
shown as follows. In this limit, emitted electrons would have no "thermal”
mction. The (y,z) projection of their motion would then be similar to that
shown in Fig. 3.4. This motion would be the sum of: (i) an E x B drift in the
y direction (ii) a uniform acceleration along B, whose projection in the (y,z)
plane would be upward (iii) just enough gyromotion to produce a cycicidal path
when combined with (i), so that i1n the absence of {ii}), the electron would (just)
return to the surface at the end of each gyroperiod. In the presence of (ii),

these "return points" are displaced upward by progressively increasing amounts
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{Fig. 3.4), so the electron can never return to the surface, unless B is exactly

paraiiel to the surface, so that the upward component of -eE along B vanishes.

This result suggests that for large finite values of € (including the values
calculated above), electron escape is likely to be almost complete except for 6
very near 90°, where it should drop to zero very steeply. The occurrence of
high-voltage charging in marginal circumstances may therefore depend very

strongly on the precise orientation of a surface.

The escaping electron flux is given by:

I=1//] f(v) Hiv) Voo d3vo

\3/2 2

co © ® mv ¢
”I Ay f d\éy f”{z?k"r} exp{~ ZFT'} H(Vox’voy’Voz)vozdvoz

(3.2)
where: v is the initial velocity of an emitted electron, f(v_) = d3n/d3vo is
the velocity distribution of emitted electrons, n is a reference number density,
and H(vo) is equal to | for escaping electrons: and O for those which return to
the surface. The emitted flux is:

I =n(kT/2mm)?. (3.3)

0O

We aiso introduce the dimensionless velocity:

u =v (m/2kn?. (3.4)

22




Equation (3.2) then becomes:

@© 2 .4, 2 @ 2

[ _2 du d “Hox oy Yoz H
=z Uoy uoye du _u__e (U _,u_u )
0

T 0z oz ox' oy’ oz
- - 0

ox Uoy Z, (-1)

{ @ l'%ﬁax (uox’uoy) k+l
- { { >

112 {14 \
< exp [-u lim,k \L‘ox’uoyl

(k |
2 2 max’ 1,]
22 Au  Au exp{u_.-u_ ) 2 (-1)k+i
i oX,1 oYy, ox,i - oy,j Ty

~
~s

A -

2

<exp ((uy )y ] (3.5)

i]
which is in a form suitable for numerical summation. The gquantities Ulim. 1
b

&

t 106G F i
Yim, 2> 0 Ylim,k are the values of u__ for which H changes between O

and 1 for each u_ and Uoy- These values must be found by numerically

determining which particle orbits reimpact the surface. These orbits can,
however, be determined in analytic form, with time as a parameter. To do
this, we use the coordinate system shown in Fig. 3.3, together with a y-axis
(not shown) directed into the plane of the Figure. The equation of motion for

an electron is:

9:-‘:—n(E+va). (3.6)
We solve this with the initial conditions £ = v = n = 0, VE = VOE’ vy = Voy’ and
vn = von. We introduce the dimensionless variablies:

E E
_ x [ mm _ _ /[ mm )
&= - STT » €y = B> _ KT etc;
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X = x/a, y = y/a, etc; (3.7)
T=wt= (eB/mjt.
in the present discussion, exand Gy are both zero, but for later use (Sections

3.4 and 3.5), we have retained these quantities in the formulas below. We

obtain:
Uu,=u_sinf +u _ cos 0
o€ ox oz
v = -u__cos B +u__sin 6;
on ox oz !

e, 2 .
é—negr +\/7?uofr,

(3.8)

2. .
}(cosr— 1)+T-?enr,

~
il
o
<|r\)
5
c
O
<
1
=
m
Py}
[N—
m.
>
~
+
"
<
@]
e
|
()

Y
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1 - Pad] “2 . - _; - _Z_ .
Vr dor; = ey} sin T + {\]n Yoy T m En} (1 -cos 1) = eyr,
z :Ecose+55m6.

Equations (3.8) can also be differentiated to find dg/dr. The numerical
procedure for finding the quantities Ui,k in Eq. (3.5) then involves
calculating ; and d;/dr at a succession of points along an orbit (the electron
will reimpact during the first gyroperiod 0 < t < 2r if at all, so this interval
always suffices}, and making the appropriate tests on these quantities to find
out whether the orbit reimpacts or escapes. For each Uox, i and on,j’ this is
done for a succession of values of U These tests also yield the local

~

minimum of z (1) if one exists. Whenever a change occurs between no escape

and escape from one such value of u, to the next, an interpolation using these
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minima can be used to provide the corresponding value of uj, 1. In cases
b]
where they are unavailable, the arithmetic mean of the two successive u__

values is used.

We have chosen the abscissas Uose, i and on,j in E£q. (3.5) by first solving

numerically the transcendental equation % + % er‘f(uk/\_/?) = k/n for

k=1,2,...., n-1. The resulting vaiues Uy then subdivide the normalized
Gaussian distribution exp(-u?)/VT into n "slices" whose areas decrease as
exp(—éukz) when n is large. In terms of these U, we then choose values

U g @t the centroids of these siices, and weights C equal to the areas under
b

each. We obtain:

B exp(-uk_iz) - exp(-ukz)

Yo,k T (3.9)
; Vr(erf Uy - erf )
c, = derfu -erf U ) (3.10)
for k = 1,2,....,n. A convenient method for calculating the required values of
erf u = {-erfc u has been given by Shepherd and Laframboise (1981). The

resulting values u_ | are then used to provide the required values of u

’ OX,1
and on,J” and the c, are used to provide values of (1/Vn) Auox,i exP(_uox,iZ)
an? (1/\[7-T)Auoy ; e><p(~uoy 12), for use in Eq. (3.5). We have provided values

of U, for use in determining the Yim,k values in Eq. (3.5) by solving the

equation 1_exp(-uoz k2/2) =k/n for k =0,1,2,..., n-1. This gives U =

{ 2!n[1/(1-k/n)]}é; these values are distributed most densely near U, = 0, bu

still densely enough at large u_, that the resulting intervals give vanishing flux
contributions in this limit. This completes the definition of the procedure used
for caiculating the ratio I/IO of escaping to emitted flux. The computer

program used for performing this calculation is listed in Appendix A.

25




3.3. RESULTS AND DISCUSSION FOR EILLECTRIC FIEL.D NORMAL TO
SURFACE

Current densities of escaping electrons, computed as described in Sec. 3.7,
are shown in Table 7 and Fig. 3.5. Fach value of i = I/Io was calculated using
80=<80>=40 orbits, whose initial velocity components uox’uoy’ and U, were
chosen as described in Sec. 3.2, and with points on the orbits caiculated at
intervals Ac = 7/45. With these increments, the resuits have a numerical
accuracy of about 0.2% or better. For 8 values of € and {1 values of 6, the
resulting calculation took about 100 hr total on a Hewlett-Packard 100CH
computer with Vector Instruction Set. The result for € = 0 is just the
analytic result i = cos 6. To see why this is so, we consider the electron
orbit shown in Fig. 3.6, which has been fictitiously extended so as to pass
through the surface and re-emerge from it. In the absence of an electric field
(e = 0), this orbit has the same speed at the re-emergence point C as at the
emission point A. Since we have also assumed that the emitted velocity
distribution is isctropic, and therefore o {unction of speed only, the real orbit,
for which C is the emission point, must carry the same population as would
the fictitious re-emerged orbit. The flux crossing the reference surface DE,
which is 1 B, is therefore the same as if such passages and re-emergences
actuaily occurred, and is the same as if another reference surface FG, also 1
B, were emitting electrons having the same velocity distribution. However, in
reality, the electrons come from the real surface HJ, which is not 1 B, and all
the electron-orbit guiding centers which are inside any given magnetic-flux

tube through DF. will also be inside the projection of the same flux tube onto
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HJ, and the ratio of the intersection areas of this tube with HJ and DE is just
sec 0. The ratio of escaping to emitted flux must therefore be the reciprocal

of this, or cos 86, as stated above.

Also evident in Fig. 3.5 is the fact, mentioned in Sec. 3.2, that when € is
large enough, electron escape becomes essentially complete except when 6 is
very nearly 90°. This means that in Shuttle high-voltage charging conditions,
for which 30 € € £ 160 (Sec. 3.2), the occurrence of high-voltage charging in
marginal circumstances may depend very strongly on the precise orientation of
a surface. A slowly-rotating surface which passes through tangentiality to B
may experience a sudden, brief high-voltage charging event. For the same
reason, attempts to predict high-voltage charging may be afflicted by "sensi-
tivity effects”, which are defined as large changes in predicted results result-
ing from small changes in physical input parameters. An important conse-
quence of sensitivity effects here is that if one attempts to predict "worst-
case" charging by assuming that emitted electrons do not escape, then the
resulting predictions are likely to be overly pessimistic most of the time. On
the other hand, if one assumes that they do escape, correct predictions will be
obtained almost all of the time, but occasionally a large underestimate of
charging will occur. A different kind of sensitivity effect, involving ambient
electron distributions which are almost Maxwellians having temperatures
close to the "threshold temperature for high-voltage charging" of the spacecraft
surface material, was identified by [.aframboise et al (1982a) and Lafram-

boise and Kamitsuma {1983); see also Schnuelle et al (1981, Fig. 4).
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The results for i in Table 2 are approximated with an absolute error cf

2.5% or less by the empirical formula:

'01 =1+ {.35€!13% exp10.083725 {1+tanh [1.9732 In Pme )]}

|

-0.07825 In [{ + (¢/8.5)!-78148) |

J

b2 = 0.38033¢0-95892 expt2.0988{1 + tanh [1.49 In (3—.6%)]} };

c = in (90°/6); (3.11)
i = cos [90%xp(-b,c-b,ct].

This formula also has the correct limiting behavior when € + 0 or «, or 6 -+
0° or 50°. In order to calculate the escaping flux using (3.11), one also needs
to know the emitted flux IO. For photoemission, values of Io for various space-
craft materials have been given by Feuerbacher and Fitton {1972) and Grard
(1973). For secondary and backscattered emission, analytic approximations
for fractional yieids (IO/'mcident flux) as functions of incident energy and
direction have been given by Laframboise et al (1982a) and Laframboise and
Kamitsuma (1983); see also Katz et al (1986). The results presented in this

Section have already been presented by l.aframboise (1985).

n a real situation, F would not be uniform, but would decrease with dis-
tance from the surface, contrary to our assumptions. Our results can there-
fore be expected to overestimate electron escape. This would probably not be

a large effect. For example, the spherical-sheath thicknesses mentioned in
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Sec. 3.2 for -1kV and -5kV surface potentials are 2.6 and 6.1 m, so
variations of E wiil be small within the {3 cm gyroradius of a 3eV emitted
electron. If desired, one can make an approximate compensation for this
nonuniformity by calculating e using an electric field value which is averaged

over the first average-gyroradius distance from the surface.

3.4. THEORY FOR NON-NORMAL ELECTRIC-FIELD DIRECTIONS

if a spacecraft surface is charged to a nonuniform potential, the electric field
E outside it has a nonzero component tangential to the surface. The resulting
problem geometry is more complicated, and two additional angles, a and y,
which define the direction of the electric force -eE, need to be specified

(Fig. 3.7). We still assume that E and B are uniform, as in Sec. 3.2.

[t may then happen that even though -eE is still directed away from the
surface, its projection along the direction of B is directed toward the surface,
as shown in Fig. 3.8a. This happens when the angle between -eE and either B
or B, whichever is outward, 1s greater than 90°. The resulting situation is

analogous to that for a sailboat tacking against the wind (Fig. 3.8b).

When this situation exists, every emitted electron returns to the surface,
and the escaping flux is zerc. The resulting situation then differs from that
shown in Fig. 3.5 in at least one important respect. The range of surface
orientations (relative to B) for which electron escape is entirely prevented, is

7

' . . ~ 0 . . )
no ionger infinitesmal {at § = 207}, but finite, and this rnay greatly enlarge
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the portion of a spacecraft’s surface for which secondary-electron o photo-

electron escape is not available as a Jischarge mechanism.

Even though no electrons escape under these cenditions, the possibility
exists that they may travel a relatively long distance, equal to many gyroe-
radii, parallel to the surface before returning. This may produce relatively
iarge surface currents, and these may modify substantially the charge distrib-
ution on the spacecraft. The question of surface currents resulting from migr-
ation of reimpacting electrons along the surface remains to be examined in
detail; this situation is discussed in Sc :tion 6. Here, we point out only one
general feature of this charge migration. The general motion of an emitted
electron is a superposition of gyromotion about B, an E x B drift, and an
acceleration in the B or -B direction. The E x B drift direction may have
either ar inward or outward normal component. If it is outward, migration
distances over the surface will be larger, and so uereiuie wiil surface cur-
rents. Since B is in the (x,z) plane, the z-comporent of E x B/B? is
B, F.y/Bz. For B_ > 0, this component has a sign opposite to that of Ey'
Therefore, when Ey { 0 [region (3) in Fig. 3.9], the migration distances of
reimpacting electrons, and therefore also the surface currents produced by
thern, are likely to be much larger than when Ey > 0 region (2) in Fig. 3.9].
These surface currents will be primarily along the tangential projection of the
E. > B drift directicn, rather than of -eF, so they may have little effect on
helping to discharge the spacecraft. For some orientations of E and B, emitted
electrons may gain enough kinetic energy before reimpacting to cause substan-

tial amounts of secondary emission to occur when they do so. Surface currents
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then may be greatiy increased by electron multipiier” effects {Goodrich and

Wiley, 1961; Wiley and Hendee, 1962).

Our predictions are based on the assumption that E and B are spatially
uniform and time-independent. However, if average migration distances
become egua: to many gyroradii, it is then more likely that spatial uniformity
will be seriously viclated, and many of our predictions, especially the quanti-
tative ones presented in Sec. 3.5, inay then become unreliable. The same
circumstances increase the possibility that time-dependent phenomena (piasma
turbulence) may aiso affect our predictions. This possibility may be remote,
hecause the spontaneous plasma oscillations cbserved recently in the disturbed
region around the Shuttle are of relatively sinall amplitude. They invoive
relative density fluctuations (An/n) of at most a few percent, and the largest
amplitudes of these fluctuations generally do not cccur close to the space-

craft’s surfaces (Murphy, 1987; Murphy et al, 1986). However, this gquestion

remains to be thoroughly explored.

Before we present computed results, we need to determine, in terms of the
angles 6, a, and y in Fig. 3.7, when the projection of -eF. along B is directed
toward the surface. This projection is:

(-eFeB)B/E? (3.12)

The z-component of this 13:

o€, B +E_ B)B_ /B

oY)
—
W

=- eE cus’6 cos a (I + tan a cos ¢ tan 6) (
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Since -ef. cos? 8 cos a > 0, this means that escape is prevented if:

tan a cos Y tan 6 < -1, (3.14)

or equivalently:

1

s - T s O
6 < tan™! (-cot a sec Y!, for 0 < ¢ <907,

(3.19)
6 > tan' {-cot a sec y), for 90° « y S 180°.

—

3.5, RESULTS AND DISCUSSION FOR NON-NORMAL. FLLECTRIC-FIELD
DIRECTIONS

Figures 3.10 - 3.17 show escaping-electron current densities i = i{a,y,0,€)
when -eE is not normai to the spacecraft surface (a # OO). Details of the
computations of these results are the same as those given in Sections 3.2 and
3.3, except that 64 x 64 x 32 orbits were used for calculating each value

of i, and the results have a numerical accuracy of about 0.4% or better.

InFigs. 3.10 and 3.1{, ¢y = 0°, so -eF, B, and the surface normal are

coplanar. The E x B drift direction is therefore tangential to the surface. In
Fig. 3.10, no electrons escape (i = 0) when -90° < 8 < -60° because the
acceieration of all electrons along B is toward the surface, as discussed in
Sec. 3.4. For 8 > -60°, this acceleration is away from the surface, but it is
larger for 8 > 09 than for 6 < 0°, so increasing the electric field magnitude e
increases electron escape more for § » 0°. For 8 > 607, i = cos 6 when ¢ =
0, as was the case for -eE normal to the surface {Fig. 3.5). Some care is

needed 1n defining what 1s meant by the case "¢ = 0". For 90° < g < -60°,
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i = 0 1nthe limit e » O+ | bur in the lunit e » O-,the electric field is reversed,
so i = cos O in this limit, and i therefore has a discontinuity at € = 0. The
discontinuity i1s reversed for ¢ -60°. However, we are interested here
primarily 1n cases when ¢ O (negatively-charged spacecralt surfaces). so in
this work, we take "« = 0" to mean the limiting case ¢ » O+. InFig. 3.1, ¢
has been increased from 30° to 600, 50 the effects ‘ust discussed in connec-

tron with Fig. 3.10 are seen again, but more strongly. This time, escape is

suppressed completely for -90° < 8 < -30°.

In Fig. 3.12, the acceleration of clectrons aloriz B is toward the surface,
ard therefere 1 = 0, for 8 < tan™'(-VB) = -67.79°, as given by Eq. {3.15].
Also, we now have  # OO, so the electric force vector is no longer in the
same plane as B and the surface normal. As a result, the E x B drift now has
a nonzero normal component. This decreases electron escape for 6 < 09, and
increases 1t for 6 > 0% [t also causes the escape to rernain nonzero at 6 =
90°. As before, the larger outward acceleration along B aiso increases
escape for 6 » 7. For 6 just larger than 67.79Y, we See that escape is
suppressed aimost completely for larger values of ¢; this is because the
invard direction of the E < B normal component causes most electrons to
reimpact the surface during the first gyroperiod after emission. In Fig.
3.13, a has been increased from 30° to 60°, with consequent enhancement of

, . , . o
the effects just discussed. We now have i=0 for € < tan™'{V2/3) = -32.23".

-

. A ¥ ~ . ’\I\O M L . ~ .
InFigs. 3.{4 and 3.45, ¢ = 307, and the projection of eF along B is away

c,..
7

C

m the surfacz {7 21l §, so suppression of electron escape by deceleration

) 30 (0]

zlong B does not occur. However, for O close to 5307, the effect of the inward

33




direction of the E % B normal component overcomes the effect of the outward
acceleration along B, especially because B is now neariy tangential to the
surface, and therefore electron escape is effectively suppressed for larger
valves of €. InFig. 3,15, suppression for € = 20 is essentially complete over

, . , o . . 0
a range of O vaiues extending mcre than 307 on either side of 6 = -907.

In Figs. 3.16 and 3.17, we have ¢ = 135°, and the effects of electron
deceleration along B and of E x B drift now suppress eiectron escape at
cpposite ends of the range of 6. From Fa. (3.15), we now have i = 0 for 6 >
tan ' (VB) = 67.79°% and € > tan 1(VZ/3) = 39.23° respectively. In Fig. 3.16,
the E > B effect sigrificantly enhances electron escape as 6 increases, just

hefore the deceleration effect cuts it off.

The results shown in Fig. 3.5 and Figs. 3.10-3.17 encompass, albeit
rather sparsely, the entire range of pessible directions of B and E for a up to
60°. To see this, we first note that in the important case where -eE is normal
to the surface, the i values for -90° < 6 < 0% can be generated from those for
the range 0° € & £ 90°, which is covered in Fig. 3.5; this can be seen by
rotating the B vector in Fig. 3.7 by 180° about the z axis. Secondly, the i
values %r a = 30° and 60° and v = 180°, 2250, 270°, and 315° can be
generated from those in Figs. 3.10-3.17 by rotating the B and -eF vectors ir
Flg. 3.7 together about the z axis by 180°. The effect of this is to increase
all the y values by 1807 and also to reverse the sign of 6. Finally, we can

nbtain the i values for cases where B is reversed by first noting that reversal

of B implies reversal of both the ¢ ccordinate in Fig. 3.7 (in order that ¢

>
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remain parallel to B) and the 5 coordinate [in order that the (&,y,n) axes

remain right-handed]. The guantities sin 6, ccs €, UOE’ Uor)’ £, Ef’ and E’? in

laad
‘
i

Hi

E.q. (3.8) will then all reverse. To keep 7 = 7(1r) in Fa. (3.8) unchanged, we

require also tha' n reverse, and we therefore reauire that e  and Yoy also be
reversed. However, the emitted velocity distribution is symmetric in on’
and reversing € involves replacing the angle y by 36G° - y, and this

repiacement gives back the same set of y values for which our computations

already give 1.

We can summarize the resuits in Figs. 3.10-3.17 by noting that when a #
0, two new mechanisms, which were not present when -eE was normal to the
surface (Fig. 3.5), can suprress electron escape. These are: an inward
normal component of E x B, if € is strong enough, and a decelerating
orojection of ekl along B, for any € > 0. These may act at the same end or at
opposite ends of the range of magnetic-field directions -90°< 6 < 90°. These
mechanisms can greatly enlarge the range of surface orientations for which

escape is suppressed.
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3.6, CALCULATION OF ESCAPING-EIECTRON DENSITIES

Once the fluxes of cscaping electrons are known (Sections 3.3-3.5), a
simbie, inexpensive, approximate calculation of their space-charge density
distribution can be set up. The proposed method is as follows: (1) ignore the
gyromotion of electrons once they have escaped. Their motion then involves:
(a) an acceleration along magnetic field lines, of amount - (e/m)EeB/B (b) a
drift motion of velocity E x B/B? across magnetic field lines. (2) Integrate
enough of the tra jectories defined by this motion (i.e. their guiding-center
trajectories) to define trajectory tubes whose cross-section at any point can be
caiculated with sufficient accuracy; the method described by {.aframboise et
al (1982b, Sec. 7), can be used to calculate the area of a trajectory tube
without reference to neighbouring trajectories. (3) Calculate their space-
charge density n(r) at any point by (a) ignoring the "thermal" spread of their
velocities (b) then invoking the fact that their density > their velocity (as
given by the orbit integration mentioned in (2)], % the cross-sectional arca
Af(r ) of the trajectory tube (which must be calculated in a plane 1 the trajec-
tory} at the point r in question, = a constant (whose value is given by the
initial conditions at the point on the spacecraft where the trajectory origi-
nates) (c) finding their velocity at the point in question by using energy con-
servation, together with the values of electric potential ¢(r) and ¢, at that
point and the emission point, and their assumed velocity v, at the emission

point. The result is:

nir) = novvo/ {A(r)\_/vo2 + (2e/m) |(¢(r) - cpo] } (3.16)
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where NV, is the escaping flux calculated in Sections 3.3-3.5. At most

positions, n(r) will be insensitive to the precise value assumed for voz;

assuming that Vo T the one-sided thermal speed (2I<T/nm)'k will suffice for

most purposes.
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4. AIGH-VOLTAGE CHARGING 05 A TIELFECTRIC-TOVERED

[y

SPACECRAFT: A WAKF-INDUTET BARRIER-FFFECT MECHANISM.

PRI

4.1, INTRODUCTION TO THz WAKF INDUCED-BARRIER-EFFECT
PROBLEN.

In Section 3, we examined the suppression of emitted-electron escape by
magnetic fields. On a dielectric-covered spacecraft, this suppression can be
expected to result in local high-voltage charging in certain kinds of auroral-
plasma conditions which would not produce overall charging. This point is

discussed further in Sections { and 6.

in this Section, we examine a different effect, namely the wake-induced-
carrier effect, which produces a similar result, i.e. suppression of the escape
of emittec electrons. Our work here is directed specifically to the situation of a
large raft with diclectric exterior surfaces either in the auroral plasma or

emitting an electrcn beam as in the SEPAC Spacelab-i experiment.

The study of Parks and Katz (1981), Katz and Parks (1983) concerned overail
high-voltage charging of a conductive spacecraft. Our work in this Section

shows that local high-voltage charging on a large dielectric spacecraft can be

38




expected to occur in the auroral ionosphere in conditions different than those
already known to have produced high-voltage charging on other spacecraft. In
Section 4.2, we describe the wake-induced-barrier effect, including the
differences between it and the barrier effect on geosynchronous-altitude
satellites. In Section 4.3, we develop theory for calculating spacecraft

surface potentials produced by the wake-induced-barrier effect. In Sections 4.4
and 4.5, we apply this theory to spacecraft in the auroral plasma or emitting an

electron beam, respectively.
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4.2. DESCRIPTION OF THE WAKE-INDUCED-BARRIER-EFFECT
MECHANISM

In low-orbit conditions, the plasma environment of a spacecraft is usually
"mesothermal”, i.e. it has jon mean thermal speed <{ spacecraft speed <<
electron mean thermal speed. Under these conditions, the ambient ion flux in the
spacecraft reference frame is mostly from the upstream direction, whereas
ambient electrons come more-or-less equaliy from all directions [unless the
ambient electron cistribution itseif is highly anisotropic; see Fennelil et al
(1981), L.in and Hoffman (1982), and Yeh and Gussenhoven (1987)]. Relatively
few ions are then able to reach the region just downstream of the spacecraft, and
a "wake" region of unbalanced electron space charge forms there. This wake
regicn is more-or-iess "wedge-shaped" (or cone-shaped, depending on the
spacecraft geometry). If the ratio of spacecraft size to {electron) Debye length
is large enough, this unbalanced space charge is believed to produce a potential
minimum downstream of the spacecraft. The existence of such a minimum has
oeen predicted by many authors including Maslennikov and Sigov (1965, 1967,
1969), Maslennikov et al (1968), Taylor (1967), Kiel et al (1968), Call (1969,
Figs. 3.1-3.3, 3.14, 3.21, and 3.23), Gurevich et al (1970), and Vaglio-
_aurin and Miller (1970). These papers are part of an extensive literature on

wakes of spacecraft in low Earth orbit. Reviews of this literature have been
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given by Brundin (19€3), Gurevich et al (1970), Samir and Stone (1986), and
Stone and Samir (1986).

in situations studied by the above-mentioned authors, the spacecraft is
assumed to be conductive, and therefore its potential relative to space will
"flcat" at a uniferm value determined by total, rather than local, current balance.
If the ambient electrons are cold (kT ~ 0.1 eV), then this floating potential
will be a few tenths of a volt negative with respect to space. The resulting

potential cistribution downstream of the spacecraft has the general appearance

shown in Fig. 4.1(a).

We now consider situations which will arise during polar-orbit flights planned
for the Shuttle Orbiter. Such situations will differ from the one just described
in two important ways. First, the Orbiter’s surface is mostly dielectric rather
than conductive. Second, the auroral-zone ambient plasma often contains a high-
energy "hot" electron constituent whose equivalent kinetic temperature is
generally in the range 1 - {5 keV (Gussenhoven et al, 1985; Yeh and
Gussenhoven, 1987).

In such situations, each small dielectric portion of the spacecraft’s total

surface will float separately at a potential determired by local rather than total
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current balance. 1f enough iot auroral electrons are present, the situatior shown
in Fig. 4.1(a) will no longer be able to maintain itself. To see why, we note that
the negative potentials present in the wake will exclude the cold electron
population from it almost completely, so the hot electrons will form almost its
entire population. The potential at the minimum shown in Fig. 4.1(a) wili then
pe more negative than the potentials on adjacent surfaces by an amount which is
much larger than the average emission energies of either seccndary electrons or
photoelectrons. The resulting potential barrier will therefore reflect these
electrons and cause them to return to these surfaces at locations generally close
to theii emission points. As a result, the secondary-emission or photoemission
current contributions will become unavailable as a means of discharging these
surfaces, which will ther charge progressively more negatively until surface
potentials "just inside" the potential minimum have become almost as negative as
at the minimum. A finite fraction of the emitted secondaries and photoelectrons
will now escape, and these surfaces will now arrive at a steady-state "floating"
condition. We shall see later (Sec. 4.4) that on a large enough spacecraft,
surface potentials more than 100 volts negative with respect to space can be
expected because of this mechanism. In the remainder of this Section, we

discuss some other features of it.
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Ore such feature, which is characteristic of it, is that the location of the
potential minimum will migrate inward until it almost reaches the spacecraft.
The general appearance of the equipctertial surfaces downstream of the

spacecraft will then be as shown in Fig. 4.1b.

A similar phencmenon, which often controls the high-voitage differential
charging of geosynchronous-altitude satellites, is called the "barrier effect”.
Thic effect wes first predicted by Fahieson (1973) and observed by Whipple
{1976). It was then rediscovered independently in a numerical simulation by
Katz et ai (1979). It has also been studied by numercus otler aithors
(Prokopenko and Laframboise, 1977, 1980; Laframboise and Prokoperke. 1977
Besse and Rubin, 1980; Olsen et al, 1981; Purvis, 1982; Katz and Mande!l,
1982; Laframboise et al, 1982; Olsen and Purvis, {983). However, two
features of the present situation are very different than in the geosyn@”onous—
altitude situation. In that situation, the Debye length of the ambient plasma was
much larger than the spacecraft, and therefore the barrier could not be produced
by space-charge effects. Barrier formation then occurred, over some part of the
spacecraft surface, because another part of it had become charged to a much
iarger negative potential. For this to occur, the other part had to have a
secondary-electron yield less than unity (for the existing incident electron

distribution) and aiso had to be shaded, so that neither secondary-electron
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emission nor photoemission could discharge 1t. In our situation, there is no
requ..'ement that a larger-potential surface exist somewhere else, and the
barrier effect, instead of limiting the differential charging, actually produces it.
Secondly, in the geosynchronous-altitude situation, the barrier effect is
characterized by a saddle pcint in the potential cutside the spacecraft, and as the
surfaces inside the barrier charge more and more negatively, the saddle point
migrates clcser and closer to the spacecraft untii it almost reaches it, and the
potentiai difference between the saddle point anc the surface adjacent to it
decreases to a few volts, permitting a significant fraction of the emitted
clectrons to escape. [n our situation, there is nc saddle point. Instead, as
menticnec above, there is a minimum in the potential outside the spacecraft, and
as the surfaces inside the barrier charge more and more negatively, this
minimum migrates almost to the surface [Fig. 4.1(b)]. More specifically, the
entire surface-potential distribution must adjust itself until a "ridge", having an
almost uniform (negative) "height” comparable to the emitted-electron mean
energy, has formed outside the surface. Since this mean energy is only a few
eV, this "ridge" will form close to the surface [Fig. 4.1(b)]. We see that a good
estimate of the largest (negative) value of surface potential is given simply by

the largest value of potential in the wake.
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We now develcp theory for calculating what values of surface potential will be
achieved by this mechanism, as a function of spacecraft size and ambient plasma

conditions. This is done in the next Section.
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4.3. SURFACE-POTENTIAL. CALCULLATION

We wish to develop a method of estimating the largest (negative) value of
surface potential relative to space, as a function of position on the spacecraft’s
wake-region surfaces. [n order to du this, we make a set of approximations
which permit relatively simple, partly analytic solutions for this potential, while
retaining the most important physical features of the problem. Such a
procedure is especially valuabie in view of the complexity of an exact treatment

(Section 4.4; Section 5). These approximations are as follows.

As mentioned in Section 4.2, we assume that the most negative potential in
the wake region just downstream of the spacecraft is a good approximation to the

most negative potential on the spacecraft.

We assume that the spacecraft is an infinite cylinder. However, for most of
our purposes, its detailed shape will not be important; its most important
dimension will be its least dimension transverse to its motion. We assume that
its surface is made of dielectric material, and it is immersed in a collisionless
plasma crossflow which has a transverse drift velocity U = 8 km/sec relative to
the spacecraft, corresponding to the speed of low Earth orbit. The ions in the
plasma are assumed to be 0" at a temperature of 0.1 eV. Their most-probable

thermal speed (.ZkTi/miJé is then 1.09 km/sec, and this is much less than U,
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so we can expect the wake to extend for many spacecraft diameters in the
downstream direction (Fig. 4.1a). The electrons in the plasma are assumed to
include a "coid" (0.1 eV) and a "hot" ({ keV or more) Maxwellian constituent,
representing auroral plasma conditions. This is a very rough approximation to
observed auroral-electron velocity distributions, which can be both very non-

Maxwellian and very anisotropic (Sec. 4.2), but it is adequate for our purposes.

We ignore magnetic-field effects on charged-particle motions. This
approximation should be acceptable for our purposes because the average
gyroradii of the hot electrons and the ions are a few meters or larger, especially
in a high-voltage wake region, and the cold electrons are almost completely
excluded from the same region. Furthermore, collection of cold electrons by a
negatively-charged spacecraft is very small, and therefore their density is well-

approximated by a Boltzmann factor, independently of magnetic-field effects.

We assume that the rotation rate of the spacecraft is slow enough that
transfer of surface charge into the spacecraft’s wake region by rotation ('spin

charging”; Parks and Katz, 1983) is negligible.

Our most severe approximations concern the ion-density distribution in the
spacecraft wake. Exact calculations of these distributions are very difficult

{Sec. 4.4; Sec. 5) We assume that the large-voltage region of the spacecraft’s
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wake is sufficiently elongated that variations in potential parallel to the wake
axis (the x axis in Figure 4.1) are negligible in comparison with variations
perpendicular to the same axis. This allows us to write a one-dimensional
Poisson equation for potentials in this region. We further assume that outside
this region, the potential ¢ is equal to space potential, which we take as our
zero, ard the ion and electron number densities n and n, are equal. We assume
that the cold-electron density decreases abruptly to zero at the edges of this
region, so that the only electrons inside it are the hot ones. We ignore, for
now, the effect of electron collection by the spacecraft on the space-charge
density of the hot electrons, and we also ignore the density contribution made by
the emitted electrons, whether these return to the surface or escape. We make
an approximate correction for these two effects later. With our other
approximations, these imply that the electron density in this region is given by a
Boltzmann factor. We assume that the ion density in the same region is either
zero {in the crudest approximaticn) or has a uniform value which we estimate
later in this Section using a model-potential calculation (in the next

approximation).

With these approximations, Poisson’s equation in the large-voltage wake

region (the "wake potential well") becomes:
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o - n—*——ffhe exp (52| (4.1)

eh
where y is distance perpendicular to the wake centerline (Fig. 4.1), T,y and
Dok are the temperature and ambient number density of the hot electron
constituent, e is the magnitude of unit electronic charge, €, is the permittivity
of space, and k is Boltzmann’s constant. Boundary conditions on the potential
are:

=0 wheny= (4.2)

+
ymax

where y s the half-width of the wake potential well just downstream of the

spacecraft. Using symmetry, we have:

¢>:¢>0<0,?§=O when y = 0. (4.3)

By our assumptions, is just the spacecraft radius e We discuss later

ymax

how to obtain an "improved" value for Yrmax'

We define the following dimensionless variables:

§ = y/>\Deh = y/(EOkTeh/eznooeh)§
(4.4)
¥ = —ed)/kTeh
where >\Deh is the hot-electron Debye length. Equations (4.1} - (4.3) then

become:
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d2 ¥ /ds? = - exp (-\V) (4.5)
¥ =0when¢==*¢_ (4.6)
¥ =, > 0, d¥/dé =0 when & =0 (4.7)

Equation (4.5) is nonlinear, but it can be solved by multiplying both sides by
2 d¥/d¢ and noting that its left side then equals (d/d§) (d¥/d§)2. Its solution
subject to Eq. (4.7) then is:

== [2 e><[:>(\l/o)]é Arctan [exp(¥q - ) —1]é (4.8)

Using (4.6) now gives us, in implicit form, the desired relation between the

normalized wake half-width £ and the normalized largest negative wake

potential Vg, as follows:

£ = [2 exp(¥)]? Arctan [exp(Wo) - 1]} (4.9)

max
For various values of £ ., the solid curves labeled "0" in Fig. 4.2 show ¥ as a
function of the normalized transverse distance ¢ from the wake centerline in the
wake potential well, as given by Eq. (4.8). For narrow wakes (small 5max and
Vo), the potential variation across the wake is nearly parabelic, but for wakes
whose width is many hot-electron Debye lengths, the decrease in electron density
in the wake produces an increase in local Debye length, with a consequent

“flattening” of the potential profile in the well, and a slowing-down of the rate of

increase of well depth ¥, from a limiting dependence of the form:
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(4.10)

Vo — 3 Emaxz for small Emax

to:

Y, — In(2 fmaxz/nz) for large & (4.11)

max

The dependence of ¥, on §max Biven by Eq. (4.9) is plotted as the uppermost
solid curve, labeled "0", in Fig. 4.3. Equations (4.10) and (4.11) are plotted in
Fig. 4.3 as dotted curves. Again, ¥, will be almost equal to the largest

normalized negative surface potential ¥ on the spacecraft.

rquation (4.10) is equivalent to:

¢y —* fen /2 (4.12)

-y
“max

and t£a. (4.12) indicates that fu:- potentials small compared with the hot-electron

temperature, the potential produced by the wake-induced-barrier mechanism

depends only on the ambient density, and not the temperature, of the hot

electrons.

The most important approximation in our calculation so far is the omission of
jon density in Eq. (4.1). We now estimate the effects of including ion density.
If n,,, is ion density in the wake, including it would result in replacement of Eg.

(4.5} by:
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¥ _"wi ¥
dg= Pwoeh

(4.13)

If n, were uniform, it could never be large enough (for a given ¥) to reverse
the sign of d®0/d&?, because the solutions of (4.13) would then become
unphysical. Therefore, such a density contribution could produce only a further
"flattening" of the wake potential profiles, and a limiting of ¥ to values less than

that at which this sign-reversal would occur, i.e:

¥ < \I/n = In (nooeh/nwi) (4.14)

We have solved Eq. (4.13) numerically for various values of Ema and nwi/nooeh'
The computer program used for doing this is listed in Appendix B. Resulting

wake potential profiles are shown as dotted curves in Fig. 4.2. Figure 4.3
shows, for various values of i/ Nooeh? the resulting dependences of ¥oon § .
The effects noted following Eq. (4.13) are clearly evident in these Figures.
Equations (4.11) and (4.14) are similar to Egs. (2) and (4a), respectively, of

Vaglio-Laurin and Miller (1970), but our application here is to much larger

wake potentials than theirs.

We now introduce an approximate correction for effects on electron density
arising from emitted-electron space charge and ambient-electron collection by
the spacecraft. In order to do this, we ignore magnetic-field effects on electron

motion across the barrier, and we assume that in some region surrounding a

52




point on the barrier, the potential distribution has planar symmetry. We follow
the usual procedure of approximating the emitted-electron velocity distribution,
in both speed and direction, by a Maxwellian (Sec. 4.1). The velocity
distributions of ambient and emitted electrons at the barrier are then half-
Maxwellians directed toward and away from the spacecraft, respectively. If we
also ignore "hopping-conduction" currents of emitted electrons along the
spacecraft surfaces inside the barrier, then the inward and outward fluxes
carried by these distributions must be equal. Since the emitted electrons have a
much smaller average velocity than the ambient ones, their space-charge
density in the region of the barrier must be much larger. This constitutes a
major increase in wake-region electron density, and we shall see later (Sections
4.4 and 4.5) that it greatly increases predicted wake-region negative surface
potentials. If ¢, is local barrier potential and TS is the temperature of
secondary electrons or photoelectrons emitted from the surface, then with the
above-mentioned approximations, the total electron density at locations outside

the barrier is:

3
Tem ey eld-¢) (e(cp—cpb) 1
1 eh b b
n (p) = T— Tt T fc T
oeh [Z [ S] exp{ eh S }Or L s |
- $
. e { e(¢—¢b)
+exp[ eh]{i ‘ZQFFC{—ET'eh— (4.15)
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where erfc(x) =1 - erf(x) is the complementary error function. At the

barrier, Eq. (4.15) reduces to:

( edy |—1 i T h 3
n (@) = n_ g exp ET—} IZ + 5 Ll.?-] ]l (4.16)
eh) L l\ S d

The last factor in Eq. (4.16) constitutes a correction factor for the electron
density in Egs. (4.1) - (4.14), at locations close enough to that of the barrier
(Fig. 4.1b). Since the direction of the y-coordinate in Eqs. (4.1) - (4.13) is
more-or-less aligned with that of the barrier, we shall use this correction factor
as a uniform multiplicative constant to be applied to the ambient density n

ooeh
wherever appropriate in applications (Sections 4.4 and 4.5).

The accuracy of this procedure is not immediately clear. As one moves
outward from the barrier, ¢ becomes less negative than ¢b’ and the emitted-
electron contribution, which is the dominant contribution to ng near the barrier
in Eq. (4.15), decreases rapidly. As a result, it becomes less clear than before
whether the approximation |8%¢/3x?|<<18%$/8y?l, which underlies the analysis
presented in Egs. (4.1) - (4.13), is valid. If it is not, then |132¢/3y?l, and
therefore |¢|, are overestimated by this procedure. One should therefore regard
the last factor in Eq. (4.16) as an upper bound on the true correction to ¢

resulting from emitted-electron space charge. In representing the emitted
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electrons as Maxwellian, we have ignored the fact that the velocity distribution
of backscattered electrons is more poorly approximated by a Maxwellian and also
has a much larger average energy than those of either secondary electrons or
photoelectrons (Sternglass, 1954, Fig. 8). However, at the incident-electron
energies of importance in our applications (Sections 4.4 and 4.5), backscattered

electrons make a r‘elatively minor contribution to the total emitted flux.

In order to estimate ¥, using the results presented in Egs. (4.8) - (4.16) and
Figs. 4.2 and 4.3, we now need to develop a way of estimating the ratio
n_./n in Egs. (4.13) and (4.14). Calculation of a realistic distribution for
wi’” oeh
ion density in a spacecrail wz', in the presence of ion-drift and space-charge
effects, is a task of great difficulty (Sec. 4.4; Sec 5). A very simple
approximation is the "neutral approximation" in which electric-field effects on
particle motion are ignored. For a plasma having ion speed ratio S =
U/(ZkTi/mi)é, this approximation readily yields the result:

-5, cos 6
_% i -y 1 [
n.l/n. =7 J e du = > Li - erf (S.l cos 9)] 4.17)
i v o]

(see, for example, Parks and Katz, 1983, FEq. (27)], for ion density on a convex

surface, where 6 is the angle between the surface normal and the downstream

direction. Because this result ignores the curvature of ion orbits caused by




electric fields, it grossly underestimates ion density on (or near) downstream-

facing surfaces.

To obtain a better estimate, we use a method similar but not identical to that
of Parks and Katz (1983, Sec. 4; 1985). Here, we specifically assume that the
spacecraft is an infinite circular cylinder whose axis is perpendicular to the ion
drift direction. We assume that ions arriving at the downstream axial surface

point (r=r, ® = 0 in Fig. 4.1) have moved through a potential distribution which

nas the form:

¢(r,0) = g(6)/r? (4.18)

where:

r; oo (1 - 46%2/7?), for |6] < /2
g(6) :{

0 otherwise

and ¢q is the potential at (r = o © = 0). AsinkEq. (4.3), we have ¢, < 0. This
choice for the potential is different than that of Parks and Katz (1983, Eq. 40;

1985, Eq. 14). It is a special case of the form ¢(r,8) = f(r) + g(8)/r?, and for

potentials of this form, the quantity:

C 5% L? + mq g(©) (4.20)
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is a constant of particle motion (Goldstein, 1980, pp. 454-457). Here, m and
q are ion mass and charge, and L. = mrvg is ion angular momentum in the (r,6)
plane. For the potentiai given by Egs. (4.18) and (4.19), this feature permits
tor orbits arriving at (r = r_, 6 = () to be integrated analytically. The density
at this point is then given by a velocity-space integral whose integrand is known
analytically. The integral itself must be evaluated numerically. Details are
given in Appendix C. The computer program used for doing this calculation is
listed in Appendix D). In contrast with the density integration of Parks and Katz
(1983, 1985), ours does not involve an inequality (Parks and Katz, 1983, Egs.
28-31, or 1985, Egs. 2-5). The potential given by (4.18) and (4.19) is not the
same as the one given by Egs. (4.1-4.14), but thic is ncl surprising since our
treatment is not self-consistent. As we point out in Sections 4.4 and 5, a self-
consistent treatment of our problem is a task of great difficulty, and our
approximate treatment serves the purpose of providing a simple estimate of
wake potentials. In the potential given by Egs. (¢.18-4.19), some ion orbits
have angular turning-points (Appendix C and Fig. 4.4). Figure 4.5 shows

/n

normalized jon densities n; = n at the down: ~eam surface point (r =r

1

6 = 2), in the presence of this potential, calculated as described in Appendices

foo s’

C ard D. these values can be used to estimate the ratio n ;/nw . in Egs. (4.13)
IS

ard (4.14).
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For cormpleteness, we also develop a rough correction of the normalized wake

half-width £ /A

 max ~ Ymax for effects of finite speed ratio. We do this for

Ueh
the two gevrnetries shown in Fig. 4.6. In terms of these geormnetries, we do this
by using the distance BC, rather than the spacecraft radius or half-width OA = o
for y

max” We assume that the wake edge A is straight (see Sec. 4.4) and has a

slope of - i/S.l. The geometries of Figs. 4.6(a) and (b) then imply the results:

ymax S

2 -4 1
=r {:1 - (1 +Si ) J (4.21)
for a cylinder or sphere, and:

_ 2 -4
Yoy = T (14 1/5,) (4.22)

for a thin dick or plate normal to the ion drift direction. This derivation implies
that in Egs. {4.1) - (4.13) only, the y-~ocordinate is most usefully regarded as
distance from B along the line BC in Fig. 4.6(a) or (b). As long as o' at

7.~ 3.t eV is the dominant ionic constituent, S; is large enough that the

1

corrections given by (4.21) or (4.22) are unimportant (Sec. 4.4).

This completes the development of our rmethod for estimating the potential ¢,
at the downsteam point (r,0) = (rS,O). In Sections 4.4 and 4.5, we apply this
method to wake-induced-barrier-effect charging of the Shuttle Orbiter and of

mypothetical future spacecraft of larger size.
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4.4. APPLICATIONS TO [0 W-277 AR-CRRBIT SPACECRAFT CHARGING;
DISCUSSION

We examine first the charging of the Shuttle Orbiter in the auroral plasma.
Gur primary goal is to find out if there exist auroral-electron erergy
distributions which are not energetic enough to cause high-voltage charging by
overcoming secondary-electron and backscattered-electron emission by
spacecraft surfaces, but which can cause it via the wake-induced-barrier
mechanism. The range of auroral-electron equivalent temperatures implied by
these criteria is from a few hundred eV to a few keV, with the upper end of this
range being strongly dependent on the secondary and backscattered emission
properties of the surface material involved (Sec. 4.1). Within this range, the
most important Soimaining criterion is a small enough auroral-electron Debye

length, which implies a large enough auroral-electron density.

The best data available on energy distributions of auroral electrons are those
of Gussenhoven et al (1985) and Yeh and Gussenhoven (1987), obtained using the
DMSP F6 and F7 satellites. Gussenhoven et al (1985, Fig. 11) present
Maxwellian fits to the higher-energy (above a few keV) portions of three electron
energy distributions observed during a high-voltage charging event on DMSP F7.

These fits yield n__, = 3.9, 3.2, and 4.9 cm™” and kT = 10.1, 14.4, and 4.2

~
AU )
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eV, resulting in >\Deh values of 278, 499, and 218 m, respectively. For
secondary electrons having emission temperature TS = 3 eV, applying the
density-correction factor & + & (Teh/Ts)& from Eq. (4.16) gives decreased ADeh
values, respectively, of 70, 84, and 50 m. The appropriate value of L for the
Shuttle Orbiter depends on its orientatior. [ts fuselage radius is roughly 3m.
its largest wake half-width will be produced when its wing piane is
perpendicular to its motion. The largest circle which can be inscribed inside
its cross-secticn in this plane has a radius of 7.5m. The Orbiter’s projected
dielectric area in the same plane is equivalent to that of a circular disk of
radius 11.5 m. All of these dimensions are much smaller than the Debye-length
values listed above. Equation (4.9) or the uppermost curve in Fig. 4.3 now
indicates that the wake-induced-barrier mechanism will induce potentials of only
a few volts negative, or, with the density-corrected >\Deh values noted above, a
few tens of volts negative. The largest such value is ¢ = - 111 V,
corresponding to kTeh = 4.2 keV, >\Deh = 50 m, and rg = 11.5 m. tvidently,
srmailer values of Apep» corresponding to greater electron densities (Eq. 4.12),
are required for a reliable indication of high-voltage charging by this
mechanism.

Yeh and Gussenhoven (1987, Tables 2a-c and Figs. 1-2) present a larger

variety of auroral-zone electron-energy distributions. Among these, two result
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ir. Debye-length values much smaller than the others. These are the "Type-1
spectra” given in their Table 2a. They give two such spectra. These are
averages of spectra which produced negative DMSP spacecraft potentials -~
greater than 100V and ir the range from 30V to 70V, respectively. EZach of
these is represented by two different Maxwellian fits below and above a

transition energy of 12.16 and 11.34 keV, respectively. For the first spectrum,

3

the parameters characterizing the two Maxwellian fits are n_, = 58.30 cm 7,

el
- 1.23cm 3 and kTe? = 5.49 keV. For the second,
3

T, = 1.31 keV, n

H
k
ot el

these parameters are Nay = 46.88 cm ~, kTei = 1{.14 keV, N5 = C.08 cm_3,
and <7 5 = 5.68 keV. The most important difference between these two spectra
is that the density of the hotter Maxwellian is much larger in the first one. As
the authors pcint out, this is consistent with the idea that the higher-erergy
electrons produce combined secondary and backscattered yields less than unity
and are therefore responsible for the high-voltage charging. The Debye lengths
>\Deh for these two spectra are 35.2 m and 36.7 m, respectively, based on the
iower-energy Maxwellian fit; the presence of the higher-energy Maxwellian has
negligivle effect on these values. These values are close to the smallest hot-
electron Debye lengths which are likely to be encountered in the aurora. zones

b ald

(M.S. Gussenhoven, private cornmunication, 1987). The analysis which {ollows

is theref~zre based on the lower energy cornponent of the first spectrum.
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For Apep = 35.2 m and the approximate Shuttle Orbiter wake half -widths of
7.5m and {1.5 m, mentioned above, we obtain, using either Eq. 14.10) or tne
uppermost curve in Fig. 4.3, the surface potentials ¢o = -29.7 V and -70.3V.
Again using Eqg. (4.9) with the density-correction factor from Fg. (4.16) anc Ts

= 3eV, we obtain /\Deh = 10.7m and the surface potentials ¢, = -273V and

~544V.

The variation among these four surface-potential vaiues is rather large, but
their geometric mean is -133V, so if we take this as the most realistic
orediction obtainable using our analysis, we have a result which fulfils the
definition of “high-voltage" charging as given in Sec. 1. It therefore appears that
the Shuttle Orbiter is large enough to undergo high-voltage charging caused by the
wa' 2-induced-barrier mechanism, at least for some combinations of spacecraft
orientations and known environmental conditions. For the same conditions, the
same methods predict that in order to achieve ¢ = -100V without invoking the
density correction from Fq. (4.16), a spacecraft half-width of {4m is required,
and this is only moderately larger than the Shuttle Orbiter. For a spacecraft
nalf-width of 60m, the corresponding calculation gives ¢q = -1000V; however,
this latter result is affected strongly by ion-density effects, and we discuss these

later in tfus Section.
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One consequence of this charging is particularly noteworthy. Suppose that
the downstream-facing surfaces of a spacecraft are mostly dielectric, but
somewhere near the center of the downstream surface region is a small area of
exposed conductor which is grounded to the spacecraft frame, and this in turn is
grounded to exposed conductive surfaces which are not in the wake and therefore
are exposed to the full ram flux of upstream ions, so that these surfaces will
float close to space potential. Evidently, the region around the edges of the
exposed downstream conductor will then be subjected to high electrical stresses,
producing a prime location for unwanted electrical discharges. A conductive
surface on an experiment package in the Orbiter’s cargo bay is an example of

such a situation.

v
)

in the above derivation of spacecraft potentials, our most important
approximatior was the neglect of the ion space-charge density in the wake. The
derivation in Sec. 4.3 and Appendix C gives us the means to estimate this
quantity. In order to do this, we assume that the ambient plasma has a
maxirmum total jon or electron density n_  between 10%/cm?® and 5 x 10%/cm?
in the Shuttle altitude range (Narcisi, {973; Samir et al, 1981, Fig. 75
Swider, 1985, Figs. 21-90 and 21-9!). The data presented by Rich (1983,

—.
-

ig. 3) indicate a wider range of possible values. We assume that the cold-ion

constituent has a ternperature of 0.1 eV. We further assume that these ions are




either O or H' and that a 1 keV hot-lon constituent may or may not be present.
; +
For a spacecraft orbital speed of 8 km/sec, and for O at 0.1 eV, H' at 0.1

eV, OF at 1 keV, and H" at { keV, the ion speed ratio S.l has values of 7.31,

1.83, 0.0731, and 0.0183, respectively; the last two of these are effectiveiy
zero. In calculating the above-mentioned spacecraft potentials, we used a hot-

. C . -3 o
electron amoient density value n_ of 58.3 cm ~. This is smaller than the

above-mentioned total n_  values by factors of 1.7 x 10% and 8.6 x 103,
respectively. In order that our predicted spacecraft potentials not be greativ
decreased by effects of ion space-charge, the ion density n,,; in the wake must
be reduced below ambient by an even larger factor, say 10%. We now see from
Fig. 4.5 that for S5, = 7.31, such a reduction requires -x, = ~edo/kT, < about
1000, i.e.. - ¢ < about 100 V. For larger values of -¢,, ion-density effects
will begin to alter the value of ¢ significantly. Using the same N e values
together with Eq. (4.14) and Fig. 4.5, we obtain limiting ¢, values of -311 V
and -198 V, respectively, in the limit of large spacecraft size. If we again use
the density-correction factor from Eq. (4.16) with TS = 3 eV, these ¢, values

increase to =727 V and -395 V, respectively.

I[f any substantial fraction of HY is present, or any substantial ion fraction

having T, ~ 1 keV, then Figs. 4.2-4.5 indicate that these ions will suppress

wake-induced-barrier-effect charging.
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At 300 km altitude, measured midlatitude HT concentration values of 64/cm?3

and 2.0 x 103/cm? are given by Narcisi (1973, Figs. 5 and 6); see also Swider
(1985, Figs. 21-90 and 21-91). Two measurements of 2.8 x 102/cm?® at 300
km have been given by Samir et al (1981, Figs. 7a and 7b). A measurement
close to this value has also been given by Rich (1983, Fig. 17). For the above-
mentioned T, and S; values of 0.1 eV and 1.83, Fig. 4.5 indicates that the wake-
point ion density at ¢p = - 100V is reduced below the ambient value by a factor
of 4.3 x 1072, This gives wake-point H™ concentrations of 2.8/cm3, 86/cm3,
and 12/cm3, respectively. The first and third of these are substantially below
the n_ . value of 58.3 em™ mentioned above, indicating that in these cases, not

ot , : ,
ncugh H is present to suppress wake-induced charging. Furthermore, the same

measurements show smaller H' concentrations at lower altitudes. Narcisi
(1973) also presents data showing decreases in both O” and H' concentrations at
auroral latitudes compared to midlatitudes. In addition, one does not necessarily
find kilovolt ions when kilovolt electrons are present (M.S. Gussenhoven, private
communication, 1987). Furthermore, the wake-point ion-density values
displayed in Fig. 4.5 may be too large, for reasons discussed following Eq.
(C17). For all these reasons, it therefore appears that the wake-induced-barrier
mechanism can produce high-voltage charging on spacecraft at least as large as

the Shuttie Orbiter.
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The foregoing predictions involve considerable uncertainty. The most
important causes of this are: (1) the lack of simultaneity of the above-mentioned
measurements of N eh? nH+, and nO+, (2) the crudity of our correction for
emitted-electron density, which involved the use of the iast factor in Eq. (4.16)
as a spatially-uniform factor, and (3) the crudity of our method for calculating
the n, values presented in Fig. 4.5. The major source of crudity in item (3)
is our assumption of a model potential [Egs. (4.18) and (4.19)] which probably
approximates the actual self-consistent potential distribution badly enough to
produce important errors. To do better is a task of great computational
difficulty. To calculate downstream-point surface potentials exactly requires
knowing not just one value of ion density but rather the entire ion-density
distribution around the spacecraft, and this is coupled with the entire potential
distribution in a strongly nonlocal and nonlinear way through Poisson’s equation
and the particle dynamics. If most of the ions are 0" at ~ 0.1 eV, the ambient
ion velocity distribution is very anisotropic. The ram energy of an O% ion at 8
km/sec is about 4 eV, and ions entering a high-voltage wake are accelerated to
kinetic energies much larger than this. The ion velocity distribution in such a
wake will therefore be very "beam-like" and the resulting ion-density distribution
is likely to be very sensitive to small changes in spacecraft geometry and

external conditions, and also to small changes in the potential distribution of the
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kind encountered in an iterative numerical calculation. The latter type of
sensitivity may destabilize such a calculation. A numerical calculation by
Laframbcise and Parker (1987}, of the surface-potential distribution on a
nonemitting dielectric cylinder in a collisionless plasma crossflow containing a
hot-electron constituent, illustrates many of these features. A description of
their work also appears in Sec. 5. A more thorough investigation of the wake-
induced-barrier effect will require numerical calculations in which all of these

difficulties will be encountered.
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4.5. APPLICATIONS TO BEAM-INDUCED SHUI Ti.e ORBITER CHARGING;
PISCUSSION

Our second investigation concerns charging of the Shuttle Orbiter during
electron-beam emission by the SEPAC Spacelab-{ experiment. Sasaki et al
(1986) report that charging of the Orbiter due to beam emission was strongly
dependent on the orientation of the Orbiter with respect to its velocity vector.
For beam emission currents 2 100 mA, the Orbiter’s frame potential was
observed (see their Fig. 10) to reach the bearn acceleration voltage when its
cargo bay faced downstream, but not otherwise. Herein, we propose an
explanation for this observation, based on the wake-induced-barrier mechanism.
The basic premise is that if the "upper" side of the Orbiter faces downstream,
then a large region of space surrounding the cargo bay will be depleted of ions.
if the wake-induced-barrier mechanism then produces negative potentials on the
Orbiter’s upper wing surfaces and other wake-region dielectric surfaces, the
region of positive potentials (the "potential well for electrons”), which must
surround the exposed conductive surfaces associated with the SEPAC experiment
in the cargo bay, will then be very constricted in spatial extent, and the process
of electron return-current collection will be partly inhibited, requiring larger
positive potentials on these surfaces in order to collect the electron current

required for current balance.
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In order to investigate this situation in detail, we use data presented by
Taylor et al {1985). Plate 3 of their paper shov: the response of the SEPAC
energetic-electron analyzer during a time interval which included six pulses from
the SEPAC electron gun. The duration of each pulse was 4 seconds. This time
interval formed part of the SEPAC FO-2 experiment sequence, during which the
Orbiter’s cargo bay faced downstream. We analyze the electron spectrum
measured during the second pulse, during which the electron beam current and
emission energy were 70 mA and 5 keV. During this pulse, their Plate 3 shows
a sharp peak near 1 kV in the spectrum measured by the energetic-electron
analyzer, indicating Orbiter frame charging to that voltage. The same spectrum
also shows, during all six pulses, an enhanced population of electrons up to the
upper end of the detector range at 15 kV, i.e. well above beam energy. These
electrons presumably were energized by a wave-particle interaction caused by the
presence of the beam (Taylor et al, 1985). The population above 1 kV decreases

monotonically with increasing energy.

We need to find out whether these energized electrons can produce a
significant voltage on downstream-facing dielectric surfaces via the wake-
induced-barrier mechanism. To do this, we must estimate their "ambient”

density, i.e. that at space potential. We do the latter by fitting a Maxwellian
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distribution to the above-mentioned spectrum. This spectrum shows energy-
differential fluxes ® = 6.31 x 10% and 1.585 x 10° electrons/cm? sec steradian
eV at energies E of about 3.59 and 12.2 keV with respect to spacecraft frame

potential, respectively. Assuming that these electrons have an isotropic velocity

distribution, we have:

dJ (4.23
x® = e
and:
me2 dJe
e~ Tt W (4.24)

(Prokopenko and [aframboise, 1977, {980}, where dJeO/dE is the energy-
differential flux onto one side of an arbitarily-oriented surface element, and fe is

the electron velocity distribution function. By fitting a Maxwellian distribution

of the form:
372

m
f, =g “z_nf‘r’} exp (-E/KT) (4.25)
e

to the resulting values of fe’ we obtain n, = 18.6 electrons/cm? and kTe =
3.32 keV. This is the value of Ng at spacecraft frame potential, so it must be
multiplied by exp (-1.0/3.32) to obtain n, at space potential. Doing this yields
the "ambient" value Ng = 13.8 electrons/cm3. Again using Eq. (4.10) and our
estimates of 7.5 and 11.5 m for Orbiter wake half-width, together with these

values of g and kTe, we obtain ¢ = -7.0 or -16.6V, respectively, as estimates
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for the wake-induced-barrier potential for this situation. Again using the
electron-density correction factor from Eg. (4.16) with kT, = 3 eV as in Sec.
4.4, we obtain ¢o = -117 or ~-266 V. As in Sec. 4.4, we propose the geometric
mean of these four values, -43.6 V, as a rough "best guess" for the actual
potential achieved. As in Sec. 4.4, these four estimates cover a large range of
potentials. The smallest among them is not much larger than the potential
cifference of a few volts expected between the barrier and the surface potentials
(Sec. 4.21, but they still serve to indicate that when the Orbiter’s cargo bay
faced downstream during the SEPAC experiment, the wake-induced-barrier
mechanism probably caused at least marginally negative potentials to occur over
most of the Orbiter’s downsteam-facing dielectric surfaces. The resulting
steepening of the "potential well for electrons" around the SEPAC experiment
would ther. restrict electron collection, by causing a breakdown of "orbit-
limitation” of this collection (Mott-Smith and Langmuir, 1926; Laframboise and
Parker, 1973) and this would force the spacecraft frame potential to become

more positive in order to collect the roquired return current.

: - o
In contrast with this, one can readily infer that when the Orbiter’s cargo bay

arnd upper surfaces faced upstream rather than downstream, potentials on a

.arger portion of these surfaces would have been positive with respect to space,

oy amounts which increased with decreasing distance from the SEPAC electron
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gun. To show this, we proceed as follows. Sasaki et al (1986) assume that the
ambient plasma surrounding the Orbiter had a temperature of 1000 K and a
density of 10%/cm3. The corresponding random electron flux is 0.79 mA/m?.

In comparison, the random flux for the Maxwellian parameters calculated just
above is 0.02 mA/m?, and this is very much smaller. In cases where the cargo
bay faced upstream, densities of ambient ions near it would ke much larger, and
the wake-induced potential barrier would be absent. Using the backscattered-
electron and secondary-electron yield data for fused silica, the Shuttle dielectric
surface material, given by Prokopenko and l.aframboise {1980, Eq. (9)],
Laframboise et al (1982, Table 1), and Yeh and Gussenhoven ($987, Fig. 3,
rescaled for fused silica), we obtain that the total emitted-elcctron flux exceeds
the incident-electron flux for ircident-electron energies from 40 eV to 23.3 keV.
Therefore, the impingement of monoenergetic electrons anywhere in this energy
range constitutes a net positive rather than negative current, and if no other
current sources were present, this current would drive a surface exposed to it to
a positive potential large enough that the beam would impact at a kinetic energy
of 23.3 keV; this energy is called the "second crossing” of the emission yield

curve for this material (lLeung et al, 1981}.

For a beam emitted at 5kV with respect to spacecraft ground, this implies

that dielectric surfaces exposed to it would float at 18.3 kV with respect to
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spacecr aft ground, assuming that: (a) it remained nearly-enough monoenergetic,
) its impacting current density on surfaces close to space potential were enough
Lo cvercorte the negative current density from the low-energy ambient electrons,
and {c) the emitted electrons all or almost all escaped. If these dielectric
surfaces thereby became the most positively-charged locations on the spacecraft,
assumption (c} would be violated, since zinitted clet Lis generally tend to
migrate to the most pcsitive electrode available, and this would prevent
dielectric surfaces from acquiring voltages much more positive than those of the
exposed conductors. These would be at spacecraft frame potential, which would

be between 0 and S kV positive with respect to space.

To find out if returning beam fluxes can ever overcome the cold-electron
ambient flux, we note that the largest electron current emitted by the SEPAC
gun was 300 mA. If all of this current were to return and impact uniformly
over an area equal to the Orbiter’s projected wing-plane cross-sectior of 418
mZ, the resulting electron flux would then be 0.72 mA/m?, and this is close to
the cold-electron random flux value of 0.79 mA/m?* noted above. Because
ambient-electron current is also present, not all of the beam current will
return, even when the spacecraft frame is charged tc beam voltage, but the
returning beam current is likely to be more concentrated at smaller distarces

from the SEPAC experiment, so this comparison suggests that a relatively
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extended neighborhood of the SEPAC experiment existed within which dielectric
surfaces charged to positive voltages close to the beam emission voltage, at
times when the cargo bay was exposed to ambient upstream jons. The resulting
enlargement of the positive-potential region surrounding the SEPAC experiment
should then have permitted easier beam-current return to the spacecraft frame,
thereby tending to prevent the spacecraft frame from charging to the beam
emission voltage, and this appears to support our explanation, proposed herein,
of the SEPAC observations of spacecraft-frame voltages. The edges of this
region might be expected to fluctuate considerably, and this may explain some of

the time-dependence reported in the observations of Taylor et al {1985) and

Sasaki et al {1986).

It might be expected also that when the cargo bay faced upstream, the
resulting increase in the density of both ambient ions and electrons near it would
increase the tendency of the beam to be scattered by beam-plasma instabilities
near the Orbiter, and this would further facilitate beam-current return.
However, no such tendency is apparent when one compares the electron spectra
shown in Plate 3 (cargo bay facing downstream) and Plate 4 (cargo bay facing

upstream) of Taylor et al (19895).
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study inciuded: Debye length )\D/Spacecr‘aft radius o =0.001, ion speed ratio Si

( = drift speed U/ion most-probable thermal speed VZkT i?m‘} = 8, ions O at a

A}

temperature of 0.2 eV, cold electrons at 0.2 2V, ard hot {auroral) electrons 2t &

k]

keV. We have again made the assmptions (1}, 7}, and (3) listed ir Section 2.

The finite-element discretization used for position space is indicated in Figs.
5.2 and 5.3. "Inside-out” ion orbit-following was used for calculating ion surface-
current densities. The ion velocity-space discretization used was similar to that
described by Parker (1977). To achieve sufficient accuracy in ion flux values at
wake-side surface points required use of 1024 incident ion directions at each of 32
ion energy leveis at each such voint. The iteration was started using an ion density
distribution based on assuming that ions behaved as neutrals, and iterating until the

surface potential, surface ion current density, sheath potential and sheath electron

density distributions ali converged. Electron densities and currents were described

oy superpositions of Boltzmann factors. Each such calculation took about 6 hours on
the AFGL. Cyber 850 computer. The next intended step was to calculate an ion
density distribution corresponding to the resulting sheath potential distribution, then
‘freeze” th.5 ion density distribution and iterate the other cuantities involved as
before, and so on. To carry this procedure to convergence would probably take 20 to
30 hours on the same computer, so we have not so far made such calcuiations, and
the results presented here are therefore based »n the "neutral approximation” for ion

dersities, but on ton orbit-following for ion current collection on surfaces.

Preliminary results from these calculations are shown in Fig. 5.4, for hot-
elactron to-total-ion flux ratios R [See bta. (2.8)] equai to U.1, 0.25, 0.5, and

5.0. Onthe front and sides of the cylinder (4 2 80°), surface potentials seem to
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increase more-or-iess monotonically as one moves away from the front (8 = 1807},

except for sorne relatively small oscillations which are probably sptirious. Ore
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nO< > {2 too coarse a position-space discretization. Successive
modcifications of the computational grid to reduce such errors resulted in the final
grid shown in Fig. 5.3, in which nodes are placed very densely just outside its
surface, and the density of nodes is alsu increased in the region 80° ¢ 6 < 100°,
Other possible cauces include incomplete convergence or insufficiently fine sampling
of the ion velocity space. Even with 32,768 orbits followed per surface point, very
few of these will conrect back to the ambiznt plasma with an ambient velocity close
to that ¢f the heaviiy populated part of the ion distribution. This strongly suggests
that in future calculaticns, outside-in orbit-following reeds to be used for defining the
\

most important region(s) of velocity space for incoming ion orbits, perhaps combined

with 1nside-out orbit-following for doing detailed sampling of these regions.

However, on rearward surfaces (6 < 807, there is some non-menotonicity which
appears to be real. For R = 0.1, 0.25, and 0.5, there are three surface-potential
maxirna, on2 at the rearmost point (0 = 0°) and one on each side of it. For R =
0.1 and 0.25, these features were almost unchanged (the potentials of the maxima
changed oy less than 2%) when as few as 4,096 ion orbits (4 ion energy levels) were
used, and this attests to their reality. For R = 5, we obtain four maxima, two on
etther side of the rearrost point. The minima between these peaks correspond to
the 10n "hot spots”, or deposition poings of highly beam-like ion populations, men-
tioned above. Most real situations wouid not possess the symmetry about the fore-aft
hine whob oure probler does, Bat our resuits nonetheless indicate that high voltage

warsr soppen oD snaeeesal are likely Lo contain very beam like 1on population
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This is related also to the fact that the ambient ion distribution is a highly-direc-
ted (Si = 8) one. A situation with ion drift is very different than one without. A
drifting distribution is not an equilibrium one. The drift provides the ions with
thermodynamic free energy which can support a much greater variety of phenomena
than in the nondrifting case, including self-excited oscillations (Krall and
Trivelpiece, 1973, Chs. 2 and 9). For related reasons, the drift also makes possitble
ion focusing effects including those discussed here. These effects depend on the fact
that when the ambient ion velocity distribution is anisotropic, as it is very greatly
when S, = 8, a knowledge of the phase-space boundary separating orbits which connect
back to infinity from those which do not, no longer gives complete information about

the ion velocity distribution at any finite location. In the steady-state treatment

described here, self-excited oscillations cannot be treated. However, oscillations

sbserved in the outer portions of the Orbiter’s wake involve density fluctuations of
only a few per cent (Murphy, 1985; Murphy et al, 1986), so they probably do not

have much effect on the steady-state wake properties studied here.

Beam-like ion constituents have important implications for more complicated
situations, such as the interior of the Orbiter’s car~ . As our work has
indicated, beam impact points will be very sensitive to details of the potential distri-
bution on or near a spacecraft. lons may come around a corner of the spacecraft,
just miss one eguipment box, and impact on one small corner of the next box, which

may then come to a potentiai very different than those of its surroundings.

[n addition, more than one ion beam may be present at some points in the sheath.
Beamsmay come around corners from opposite sides of a spacecraft, and beams may

also be present which have circied the spacecraft one or more times. lon velocity

78




distributions as a tunction of directior may therefore contain many narrow "peaks”

and “valleys”. Simulation of a very detailed kind, which wiil tax the capabilities of

tne ‘astest Compiters present ‘y avalia

o

vill ba necessary to resolve such

ir IMig. 2.2 we have also plotted the largest value of negative surface potential for
each of the four valuss of R shown in Fig. 5.4, for cornparison with our simple
prediction from Sec. 2. These values are shown as circled points in this Figure.
These results qualitatively resemble the theoretical curves in the same Figure, and
also our expected behaviour srown in Fig. 5.1, in that they appear to show almost no

<

dependence on R until a "threshold" value is reached, and then they show a rapid

increase. Furtherrnore, this increase appears to begin at a substantially lower R
value than for these ciirves, as one expects since the curves are for whole-bedy
charging and the piotted points are for charging of electrically-isolated surfaces in

tre wake.

Ore feature of these results is unexpected: the "pre-threshold" wake charging,
instead of being clnse to zero, is already several nundred volts. However, this
apparent thresnoid is not the true one. "High-voltage" charging conventionally means
that surface potential exceeds 100V in magnitude. For our conditions, and for a
surface potential of -100V, the hot-eiectron flux exceeds the cold-electron flux when
Ry 1.2 x 10725 lso, for R = 0.1 (the left margin of Fig. 2.2), if we calculate
downstream -point potential using the nectral approx:mation for ion flux [Tsien, 1946;
Parks ana Katz, 19835, Fa. 4], we cbain D - 3.3 2 105V, For R =0 cold
electrons rlyy, o curiiar caltulation vields ¢ = -14.8V. It is evident that all the

“rrmerieal airiation cear it ahoy :r*:s,;. 2.2 are 'post-thres <hold" ir tke sense that




they involve a current balance primarily between the hot electron flux and wake-
regior ion fluxes that are aiready heavily modified by urbit curvature in strong wake-
region electric fields. This 1s evidentiy a situation in which even a smat. amourt of
ambient H™ can be expected to produce a large decrease in the magnitudes of wake-
region potentials. In Section 4.4, we examined H™ effects on wake-region potentials
using the model-potential calculation of ion densities developed in Section 4.3 and
Appendices C and D, and we made a preliminary determination that HY densities were
too small in most low-polar-orbit conditions to cause a significant reduction in wake-
induced-barrier-effect potentials. In the situation studied in this Section,
cdownstream H™ fluxes rather than densities are the most irmportant issue. We intend

. |+ - -
to include H' effects in future calculations.
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6. CONCLUSIONS

[n Section 1 of this Report, we reviewed the main differences between the
plasma environments in gecsynchronous orbit and low peolar orbit with respect to
high-voltage charging situations, arnd we gave reasons why the task of predicting
high-voitage crarging or reiated environmental effects on a spacecraft is more
complicated in the low-polar-orbit situation.

In Section £, we developed a simple rough estimate of the environmental
conditions required for overall charging of a large spacecraft in low-orbit
auroral-zone conditions. The results indicate that for any given spacecraft,
surface potentials are likely to depend more strongly on the ratio of ambient flux
of high-energy electrons to that of all ions than on any other environmental
parameter. This predicticn has been corrcborated experimentally by results of
Gussenhoven et al (1985) obtained using the DMSP F6 and F7 satellites; see
their Fig. 7 and associated discussion, and also Laframboise and Parker (1986,
1987).

I Section 3, we presented an approximate theoretical treatment of
suppression by magnetic fields of the escape of electrons emitted from
negatively-charged spacecraft surfaces. Our treatinent of this topic is intended

to serve a variety cf purpnses.  [ts results pmvide a "parameterization’ of the

electror racape prociermn which can ve used as part of .arge Spa(:ecr‘aft—chargmg




simulation programs, and this may permit important reductions in the cost of
using such programs. Our results also permit simple estimates of the
importance of magnetic electron-escape suppression in particular situations.
However, their most important use may be to permit gaining an understanding of
an effect which appears likelv to dominate the high-voltage charging of mostly-
dielectric large spacecraft such as the Shuttle Orbiter in low polar orbit. The
nature of our results strongly implies that on such spacecraft, local charging,
especially on downstream-facing surfaces nearly parallel to B, may occur in
ionospheric cenditions which do not produce overall charging. These conditions
may include lower equivalent auroral-electron temperatures and also daylit parts
of the orbit. This question demands experimental investigations and detailed

numerical simulations.

Our results in Sections 3.3-3.5 also show "sensitivity" effects which have
disturbing implications. These effects imply that obtaining realistic predictions
of high-voltage polar-orbit charging in geometrically complicated situations is
likely to prove a computational task of great difficulty. An experimental
investigation of magnetic-field effects on secondary-electron and photoelectron
escape from negatively-charged surfaces would be of great value, and we hope

that the work presented in Section 3 will stimulate such efforts.
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In Section 4, we developed theory which permits an approximate calculation
of potentials produced or wake-region spacecraft surfaces by the wake-induced-
barrier effect. In Section 4.4, we have used this theory to estimate surface
potentials on large spacecraft covered mostly with dielectric, iacluding the
Shuttle Orbiter, in auroral-plasma conditions. In Section 4.5, we have proposed
an explanation, involving the wake-induced-barrier effect, for observations, made
during electron-bearn emissions from the SEPAC Spacelab-1 experiment, that the
Orbiter’s frame charged to beam emission voltage when the emitter faced

downstream but not upstream.

In auroral-plasma conditions, we predict that the largest wake-induced-
barrier-effect potentials will occur when the Orbiter’s wing plane is
perpendicular to its arbital motion and the hot (2 1 keV) electron constituent
has the largest possible density (Eq. 4.12). For the largest such density so far
observed, we predict potentials more than 100V negative on surfaces located
near the wake center. For larger spacecraft in the same plasma conditions, we

predict potentials several hundred volts negative.

In contrast with the situation for low-polar-orbit charging already observed on
the DMSP F6 and F7 satellites (Gussenhoven et al, 1985; Yeh and Gussenhoven,

1987), wake-induced-barrier-effect charging does not require the ambient hot
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electrons to be energetic enough that their incident flux overcomes secondary
and backscattered emission fluxes, because these are suppressed by the potential
barrier involved in this mechanism. As in the case of suppression by B effects,
this extends, to lower equivalent temperatures, the range of auroral-electron
plasma conditions for which high-voltage Orbiter charging can be expected. This
barrier will also suppress photoemission. This appears likely to permit daylight
charging by this mechanism, as also was the case for suppression by B effects.
We therefore predict that daylight auroral-zone charging of wake-region
dielectric surfaces to potentials more than {100V negative will occur at least

occasionally on the Orbiter.

The largest uncertainties in our wake-induced-barrier-effect predicticns result
from three causes (Section 4.4). The first is the lack of available
measurements of electron and ion energy distributions made at the same time
and place with concentration measurements of individual ion species in the
auroral zone at low-orbit altitudes. The second is the difficulty of accurately
predicting wake-region electron-density enhancements caused by emitted-electron
space charge, in the presence of magnetic-field and "hopping-conductivity" effects
(Sections 3 and 4.3; see also Fig. 3.9). The third cause is the difficulty of

accurately predicting ion-density distributions in high-voltage spacecraft wakes

{C

(Section 4.3 and Appendix C).




Further work is needed in all of these areas, and in Section 5, we have
oresented preliminary results from a numerical simulation which was developed
in order to make detailed investigations of the phenomena identified in Sections 2
-4. This werk involves calculations of floating-potential distributions on infinite
dielectric cylinders in collisionless plasma crossflows whose properties mode!
those of the auroral plasma. Results from this simulation indicate the presence
of multiple maxima and minima in the downstream-side surface potential
distribution, in contrast with a monotonic progression of increasingly negative
potentials [rom upstream to downstream surfaces, as might have been expected.
These features are caused by the presence of ior. "hot spots" or depositio~ points
of very beam-like ion populations, which in turn are the result of a hig' 1y
anisotropic (Si = 8) ambient-ion velocity distribution accelerated into a wake
region containing negative voltages large cormnpared with the ion ram energy.
When combined with the geometrical complexity of a typical payload arrangement
in the Orbiter’s cargo bay, this promises to make detailed prediction of wake-

region surface potentials a formidable task.

The work presented in Sections 2-5 has involved initial explorations of
several distinct tcpics related to high-voltage low-polar-orbit charging. Except
perhaps for our treatment of electron escape currents in Section 3, we have not

treated any of these topics exhaustively, and our treatments therefore need in the
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future to be extended in many ways. The caiculation of downstream-peint ion
space charge densities for a cylinder, presented in Section 4... and Appendices C
and D, can be easily adapted to spherical geometry and also to provide
downstream-point ion current densities. These current densities could then be
used to provide simple estimates of required environmental conditions for
downstreamn-point local charging in @ manner analogous to the estimate for
overall charging developed in Section 2. Using available electron-emission

yield data (Sections 1,3.3, and 4.5), these estimates should be corrected for
secondary-electron and backscattered-elactron emission for use in circumstances
in which it is expected that these electrons can escape. The calculation of
emitted-electron escape currents feveloped in Section 3 can be readily extended
to provide corresponding values of surface currents due to reimpacting electrons.
In fact, program SCAPE, which is listed in Appendix A, already includes
provision for deing this, but tests of this feature of the program, conducted in
conjunction with obtaining the escape-current results presented in Figs. 3.5 and
3.10-3.17 and Table 2, indicated that velocity-space discretizations which were
fine enough for calculating these escape currents were not fine enough to yield
equivalent accuracy in the surface-current calculations. Surface currents need to
be taken into account in order to refine the estimates of wake induced-barrier-

effect potential obtained in Section 4. However, in that situation, electric forces
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on emitted electrons are directed toward rather than away from spacecraft
surfaces, so the formulation of Sec. 3 is inapplicable in its present form. The
most appolicable formulation would involve a modification of the analytic surface-
current expression given by Eq. (9) of [Laframboise et al (1981) or Eq. (6.7) of
Laframboise et al (1982b), to include magnetic-field effects. The numerical
simulation presented in Section 5 should be extended to include effects of
magnetic rields, H* /0% ion mixtures, electron ernission from surfaces, surface
currents produced by reimpact of nonescaping emitted electrons, wake-induced
barriers, and other spacecraft shapes, e.g. spherical rather than infinite-
cylindrical, and effects of ion-orbit curvature on space-charge densities. All of
these results need to be compared with all available experimental data on polar-

orbit charging.

There remain two topics which we mentioned in Section { but have not treated
in this Report. The first of these is collisional effects. We have regarded these
as being inappropriate for study as part of the work described by this Report
because an understanding of the important collisionless effects is a precondition
to understanding how these might be modified by collisicw.. In any case, the
most likely result of collisional effects on the Orbiter appears to be that
collisional ionization of fortuitous gas releases may occasionaily cause

discharge of surfaces charged to large voltages.
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The other untreated topic is the possible modification of time-averaged

3

spacecrraft wake quantities by nonlinear effects of spontanecus plasma

fluctuations. We have briefly alluded to these effects in Sections 3.4 and 5, and
we have indicated thereir that available eviderce makes it seem unlikely that
such effects are important. However, both this and the collisional problem are
largely unexplored, and as we have indicated earlier in this Section and
eisewhere in this Report, the various collisionless effects explored in Sections
2-5 are far from completely studied. At present, it is far from clear when
large dielectric-covered spacecraft such as the Shuttle Orbiter will begin flights
through the aurora: zones, but the problem of predicting high-voltage charging in
these regions appears to be complex enough to deserve further investigaticn, and
this shouic taxe piace well in advance of whenever such flights are rescheduled
if it is considered desirable to achieve detaiied predictive capability in time for

them.
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TABIE 1. Low-Earth-Ortit Conditions**

-

Ambient Debye Length: <1 com

i Thickness of 1!V and 5V spherically-symmetric

sheath*** around a sphere of radius 3m: 2.5m and 5.8m
“nickness of 1kV and S5kV planar Child-Langmuir

sheath: 5.0m and 1 7m
(WHY SO LARGE?)

Particle gyroradii:

!
|
!
; ambier.. electrons (0.1 eV} 2 cm
]

secondary electrons (3 eV) 13 cm
aurcral electrons (10 keV) 8 m
ions (0% 0.1 eV) 3m in "rest” frame

27 m* in spacecraft frame
(larger inside a high-voltage sheath) !

(b) CHARACTERISTIC SPEEDS:

{on thermal <need: { km/sec

Spacecraft speed: < 8 km/sec, SITUATION
depending on orbit IS

Electron thermal speed: 100 km/sec, " MESOTHERMAL"

for ambient electrons

* Particle metions do not depend on the frame of reference in which they are viewed.
The transformation from rest frame to spacecraft frame produces a V x B electric
field £ 7.35V/m where V = spaceciaft velocity and B = magnetic induction; electric

~

Telds inside a {kV sheath are~ 200 V/m.
* celeeuw (1967), p. 1564; Martin (1974).
***x Al'pert et al (19605), Fig. 72,
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TABLE 2

Values of the ratio i = [/ of escaping to emitted flux, for various values of 6,
the angle (in degrees) between the surface normal and the magnetic-field direction, e,
the nondimensional repelling electric-fieid strength, and the two angles a and y, also
in degrees, defining the electric-field direction. The definitions of a and y are given
oy Figure 3.7. These four quantities appear in Table 2 as THETA, EPS, ALPHA, and
PSI, respectively. For 6 = 0° and a = OO, the electric field is normal to the
surface. The results for this case have a numerical accuracy of about 0.2% or better:
see Sections 3.2 and 3.3. For nonzero values of o and y, the results have a
numerical accuracy of about 0.4% or better; see Sections 3.4 and 3.5. The results

given in Table 2 are plotted in Figures 3.5 and 3.10-3.17.

ESCAPING FLUXES AND SURFACE CURRENTS OF EMITTED ELECTRONS IN UNIFORM E AND B FIELDS.
86 AUG 25A , CASE 3
NALEA NPS1 NTH NEPS NTAU MINT NVX NVY NVZ
1 1 il 8 90 4 80 80 40

ANGLES DEFINING ELECTRIC-FIELD DIRECTION: ALPHA = 0.000 DEGREES, PSI = 0.000 DEGREES
ESCAPING FLUXES

EPS 0.00 .20 .50 1.00 2.00 5.00 10.00 20.00
THETA
0.00 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
15.00 .964 .990 .999 1.000 1.000 1.000 1.000 1.000
30.00 . 865 .930 977 .997 1.000 1.000 1.000 1.000
45 .00 .706 .796 .892 .970 .999 1.000 1.000 1.000
60.00 .499 .585 .704 .856 .982 1.000 1.000 1.000
75.40 .258 L3111 .396 .545 .802 .998 1.000 1.000
80.00 1173 .209 .270 .383 .618 .968 1.000 1.000
85.00 087 .105 .137 .198 .341 \723 .971 1.000
87.00 052 .063 .082 1119 .209 .487 .81¢0 .991
83.00 Qie .020 .026 .039 .069 .172 .338 .618
90.60 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
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ESCAPING FLUXES AND SURFACE CURRENTS OF EMITTED ELECTRONS IN UNIFORM E AND B FIELDS.
86 JUN 13A , CASE 3
NTH NEPS NTAU MINT NVX NVY NvZ
21 8 90 4 64 64 32

NALFA NPSI
1 1

ANGLES DEFINING ELECTRIC-FIELD DIRECTION: ALPHA = 30.000 DEGREES, PSI = 0.000 DEGREES

ESCAPING ELUXES

EPS 0.00 .20 .50 1.00 2 00 5.00 10.00 20.00
THETA
-60.00 .499 .527 .565 .615 .676 .724 .738 .745
-57.00 .544 .577 .623 .688 .780 .908 .981 1.000
-54.00 .587 .625 .678 .754 .862 .980 1.000 1.000
-51.00 628 .671 .730 .812 .919 .997 1.000 1.000
-48.00 .668 .714 17 .861 .956 1.000 1.000 1.000
-45.00 .706 7585 .819 .900 .978 1.000 1.000 1.000
-40.00 .76S .816 .879 .947 .994 1.000 1.000 1.000
-35.00 .818 .868 .925 .976 .999 1.000 1.000 1.000
-30.00 .864 .912 .958 .990 1.000 1.000 1.000 1.000
-15.00 .963 .986 .997 1.000 1.000 1.000 1.000 1.000
0.00 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
15.00 .963 .988 .998 1.000 1.000 1.000 1.000 1.000
30.00 .864 .932 .977 .996 1.000 1.000 1.000 1.000
45 .00 .706 .810 .9u8 .976 .999 1.000 1.000 1.000
60.00 . 499 615 .759 .908 .992 1.000 1.000 1.000
75.00 .258 .346 .489% .712 .948 1.000 1.000 1.000
80.00C .172 .24 361 .57% 892 1.000 1.000 1.000
85.00 . 086 1126 .203 .372 .730 .999 1.000 1.000
87.00 .051 077 -129 .253 .S76 .992 1.000 1.000
89.00 .016 .025 045 .099 .278 RS54 1.000 1.000
90.00 9.000 ¢.000 0.000 0.000 0.000 0.000 0.000 0.000

ESCAPING FLUXES AND SJURFACE CURRENTS OF EMITTED ELECTRONS IN UNIFORM E AND B FIELDS.

86 MAY 30A , CASE 3
NALFA NPSI
1 1

NTH NEPS NTAU MINT NVX NVY NvVZ
19 8 90 4 o4 64 32

ANGLES DEFINING ELECTRIC-FIELD DIRECTION: ALPHA = 60.000 DEGREES, PSI = 0.000 DEGREES

ESCAPING FLUXES

EPS 0.00 .20 .50 1.00 2.00 5.00 10.00 20.00
THETA
-30.00 .864 .874 .887 .902 .918 .929 .932 .933
-29.00 .873 .883 .897 .915 .937 . 965 .985 .998
-28.00 .881 .892 .908 .928 .953 .985 .998 1.000
-27.00 .889% .901 .918 .939 .966 .994 1.000 1.000
-24.00 1912 .925 .943 . 966 .989 1.000 1.000 1.000
-21.00 .931 %46 .963 .983 .997 1.000 1.000 1.000
-18.00 .949 962 .978 .992 1.000 1.000 1.000 1.000
-15.00 .63 .976 .988 .997 1.000 1.000 1.000 1.000
0.00 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
15.00 .963 .983 .994 .999 1.000 1.000 1.000 1.000
30.0n 864 .921 .963 .989 .999 1.000 1.000 1.000
45.00 .706 .799 .887 .955 .992 1.000 1.000 1.000
60.00 .499 .613 .746 .879 .973 1 000 1.000 1.000
75.00 258 .355 .502 .702 .909 .998 1.000 1.000
80 .00 .173 .251 .381 .586 .848 .997 1.000 1.000
85.00 .086 .134 .225 1397 .699 .990 1.000 1.000
87.0¢ .951 083 .147 .280 .562 .97 1.000 1.000
89.00 .016 .028 .054 -116 .284 .8o08 .999 1.000
90 .00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
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ESCAPING FLUXES AND SURFACE CURRENTS OF EMITIED ELECTRONS IN UNIFORM E AND B FIELDS.
86 JUL 04A , CASE 3

NALFA NPSI NTH NEPS NTAU MINT NVX NVY NVvZ
1 1 24 8 90 4 64 64 32
ANGLES DEFINING ELECTRIC-FIELD DIRECTION: ALPHA = 30.000 DEGREES, PSI = 45.000 DEGXEES

ESCAPING FLUXES

EPS  0.00 .20 50 1.00  z.00  5.00 10.00 20.00
. THETA

-67.79 377 .3%  .318  .242  .102 001 0.000 0.000
-65.00 422 .409  .385  .331  .204  .011 0.000 0.000
-62.50 461  .457  .445  .413  .321  .074  .001  0.000
-60.00 .499  .502  .503  .495  .451  .252  .044  .000
-57.00 544 .56  .571  .s89  .604  .582  .S00  .321
-54.00 587  .607  .634 674  .736  .848 945 .99
-51.00 628 .655  .693  .749  .837  .964  .999 1.000
-48.00 .668  .701  .747  .813  .907  .995 1.000  1.000
-45.00 706 .744  .795  .865  .951  .999 1.000  1.000
-42.00 .742 783 .838  .906  .976 1.000 1.000 1.000
-39.00 776 .820  .874  .937  .989 1.000 1.000 1.000
-30.00 .864  .908  .952  .987 1.000 1.000 1.000 1.000
-15.00 963 .986  .997 1.000 1.000 1.000 1.000 1.000
0.00 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
15.00 .963 .989 .998 1.000 1.000 1.000 1.000 1.000
30.00 .864  .935  .980  .997 1.000 1.000 1.000 1.000
45.00 706 .819  .922  .984  .999 1.000 1.000 1.000
60.00 499  .638  .803  .945  .997 1.000 1.000 1.000
75.00 .258  .397  .614  .867  .992 1.000 1.000 1.000
80.00 173 .306  .539  .834  .989 1.000 1.000 1.000
85.00 .086  .214  .471  .801  .986 1.000 1.000 1.000
87.00 .651  .182  .450  .786  .985 1.000 1.000 1.000
89.00 .016  .163  .430  .770  .983 1.000 1.000 1.000
90.00 0.000  .1S7  .419  .761  .981 1.000 1.000 1.000

ESCAPING FLUXES AND SURFACE CURRENTS OF EMITTED ELECTRONS IN UNIFORM E AND B FIELDS.
86 JUL 07A , CASE 3
NALFA NPSI NTH NEPS NTAU MINT NVX NVY NVZ
1 1 20 8 90 4 64 64 32

ANGLES DEFINING ELECTRIC-FIELD DIRECTION: ALPHA = 60.000 DEGREES, PSI = 45.000 DEGREES
ESCAPING FLUXES

EPS 0.00 .20 .50 1.00 2.00 5.00 10.00 20.00
THETA
-39.23 .773 .755 .724 .658 .489 .074 .000 0.000
-36.00 .808 .798 .781 .744 .645 .279 .015 0.000
-33.00 .837 .834 .828 .814 .773 .587 . 247 .008
-30.00 .864 .867 .869 .872 .872 .853 .803 .672
-27.00 .889 .896 .905 .918 .938 .973 .994 1.000
-24.00 .912 .921 .934 .952 .976 .998 1.000 1.000
-21.00 .931 .943 .957 .975 .993 1.000 1.000 1.000
-184.00 .949 .960 .974 .989 .998 1.000 1.000 1.000
-15.00 .963 .974 .986 .996 1.000 1.000 1.000 1.000
0.00 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
15.00 .963 .984 .995 .999 1.000 1.000 1.000 1.000
- 30.00 .864 .927 971 .993 .999  1.000 1.000 1.000
45.00 .706 .816 .914 .975 .996 1.000 1.000 1.000
60.00 -499 .653 .819 .943 .992 1.000 1.000 1.000
75.00 .258 .441 .690 .899 .986 1.000 1.000 1.000
80.00 .173 . 364 .644 .882 .984 1.000 1.000 1.000
. 85.00 . 086 .292 .602 .863 .982 1.000 1.000 1.000
87.00 .051 .270 .585 .854 .981 1.000 1.000 1.000
89.00 .016 .254 .566 .845 .980 1.000 1.000 1.000
90.00 0.000 . 246 .556 841 .979 1.000 1.000 1.000
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ESCAPING FLUXES AND SURFACE CURRENTS OF EMITTED FLECTRONS iN UNIFORM E AND B FIELDS.
86 JUN 249A , CASE 3

NALFA NPSI

1

ANGLES DEFINING ELECTRIC-FIELD DIRECTION: ALPHA =

1

NTH NEPS NTAU MINT NVX NVY NVZ

28

ESCAPING FLUXES

EPS
THETA

-90

-89.
-A7,
-85.
.00

-80

-75.
-72.
-69.
-66 .
-63.
-60.
-55.
-50.
-45.
-40.
-30.
-15.
.00
1s.
.00
45.
60 .
7S.
80.
8s.
87.
89.
.00

0

30

90

.00

00
00
00

00
0o
00
00
00
00
00
00
00
00
00
00

00

00
00
00
00
00
00
00

8

0.00

.004
.016
.051
.086
.173
.258
.308
.358
.406
.453
.499
.573
.642
.706
.76S
.864
.963
1.000
.963
.864
.706
.499
.258
.173
.086
.051
.016
0.800

90 4

.20

0.000
0.000
.004

64 64

32

ESCAPING FLUXES AND SURFACE CURRENTS OF EMITTED

NALFA NPSI NTH NEPS NTAU MINT NVX NVY NVZ

1

1

30

S0 4

ANGLES DEFINING ELECTRIC-FIELD DIRECTION: ALPHA

ESCAPING FLUXES

EPS
THETA

-90.
-89.
-87.
-85.
-80.
-75.
-70.
-65.
.00

-60

-55.
~50.
-45.
-42.
-39.
-36.
-33.
-30.
-27.
-15.
.00
15.
.00
45.
60 .
75.
80.
.00
a7.
89.
990.

0
30

85

00
00
00
00
00
00
00
00

00
00
00
00
00
00
00
00
00
00

00

00
00
00
00

00
00
00

.004
.016
.051
.086
.173
.258
.341
.422
.499
.573
.642
.706
.742
.76
.808
.837
.864
.889
.963
1.000
.963

.706
.499
.258
.173
.086
.051
.016
0.000

.20

0.000
0.000
.000
.006
.066
.156
.254
.353
.449
.539
.624
701
.743
.783
.819
.852
.881
.907
.97
1.000
.983
.919
.799
.631
.436
375
.335
.332
.333
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ESCAPING FLUXES AND SURFACE CUBRENTS OF EMITTED ELECTRONS IN UNIFCRM E AND B FIELDS.

NALFA NPSI

1

ANCLES DEFINING ELECIRIC-FIELD DIRECTION: ALPHA =

1

NTH NEPS NTAU MINT NVX NVY NVZ

21 8

ESCAPING FLUXES

EPS 0.00
THETA
-90.00 .004
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-87.00 .051
-85.00 .086
-82.50 .130
-80.00 .173
-77.50 .216
-75.00 .258
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0.00 1.000
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12 Total lon Collection by a Unipotenti
Sphere in a Collisionless Plasma Flo

11—
Sphere at large negative potential,
assuming that sheath thickness
10— remains € sphere radius rg,

using theory of Parrot et al 1982
(lower curve multiplied by

- 1.45) N
8_
A li
7 li - — —
loi
6 _ ion current ]
~ jon random
current
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7 '\ Sphere at
space potential,
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Figure 2.1. Dependence of ion current to a sphere on ion speed ratio.
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tons O+ at 0.1 eV
-2500}- Hot electrons at 5000 eV _
Spacecraft speed 8 km/sec
- » fg = c©
2000 Spacecraft 8 7]
(Eq. 2.9) re= 5m
Surface s=
Voltage (Katz and
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R= hot electron random flux
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Figure 2.2.

ambient flux ratio. The four circled points are the largest values of surface potential

from the numerical solutions discussed in Sec. 5

Dependence of spacecraft surface potential on hot electron/total ion

and presented in Fig. 5.4.
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(b) Q‘Z\ ]

EXB

Figure 3.1. Effect of surface orientation on escape of emitted electrons. In
(a), the spacecraft surface is perpendicular to the magnetic field B, and the
emitted electrons, which experience an electric force -eE directed away from
the surface, all escape. In (b), the spacecraft surface is nearly parallel to B,
and almost all of the emitted electrons return to the surface, even though they
still experience an electric force directed away from it. Note that the
component of E perpendicular to B results only in an E x B drift paralle] to
the surface.
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lon shadow region,
near - tangential to B,
LES MOST LIKELY

to charge to
LIKELY large (negative)
voitage

Figure 3.2. Most probable high-voltage charging locations for a nonconductive

spacecraft in low-polar-orbit (auroral-plasma) conditions.
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ELECTRON
ORBIT

e e X

SURFACE

Figure 3.3. Coordinate system for calculating electron escape fluxes when E
is perpendicular to the spacecraft surface. The y-coordinate (not shown) is

directed into the plane of the Figure.
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Figure 3.4. Example of an electron orbit having zero initial velocity. The
magnetic field B is paralle! to the (x,z) plane, and makes an angle 6 = 75°

with the z axis. € = |. Three gyroperiods of the orbit (0 < t < 67) are
shown. 111




1.0|

0.8

T
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0 3# g 60° 90°

Figure 3.5. Ratio i = [/l of escaping to emitted electron flux, as a
function of the angle 6 between the surface normal and the magnetic-field
direction, for various values of the repelling electric field strength param-
eter ¢ = (E/B) (nm/2kT)£ . The electric field is normal to the surface.
The result for € = O is given by i = cos 6. Values of i plotted in this graph
are also given in the first section of Table 2, labeled "Al.PHA = 0.00
DEGREES, PSI = 0.00 NDEGREES". Realistic values of € for Shuttle
high-voltage charging conditions are in the range 30 < ¢ < 160 (Sec. 3.2)!
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Figure 3.6. Flectron orbit for ¢ = 0, fictitiously extended so as to pass

*hrough the surface and re-emerge from it.
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Figurc 3.7. Problem gcometry when notential also varies along surface.
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(a) (b)

-eE = force on SAIL
electrons

/feE" /
~

SAILBOAT
MOTION

WIND

Figure 3.8. (a) Typical orbit of emitted clectron when the electric force
-eE on it has an outward normal component, but the projection of -eE
along B has an inward normal component (b) analogous situation involv-

ing sailboat tacking into wind.
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Figure 3.9. Dependence of electron escape and surface currents on

electric field direction at surface.
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Figure 3.10. Ratioi = I/I0 of escaping to emitted electron flux,
as a function of the angle 6 between the surface normal and the
magnetic-field direction, for various values of the electric field strength
parameter € = (E/B) (nm/ZkT)%. Same as Figure 3.5, except that the

electric force vector -eFE is no longer normai to the surface (a is nonzero).
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Figure 3.11. Same as figure 3.10, excerpt that -eE is tilted further away from

the surface normai (a = 60°).
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y=45. 00°
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-9p° -68° -3B8° B° 30° 9680 9Q°

Figure 3.12. Same as Figure 3.10, except that -eE is no longer in the same

plane as the surface normal and the magnetic field vector (¢ is nonzero).
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Figure 3.13. Same as Figure 3.12, except that -eE is tilted further away

from the surface normal.
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Figure 3.14. Same as Figures 3.10 and 3.12, except that y = 90°.
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Figure 3.15. Same as Figure 3.14, except that -eE is tilted further away

from the surface normal. 122
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Flgure 3.16. Same as Figures 3.10, 3.12, and 3.14, except that y = 135°.
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Figure 3.17. Same as Flgure 3.16, except that -eE 1s tilted further away

from the surface normal.
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(a)
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I \

POTENTIAL MINIMUM

SPACECRAFT

POTENTIAL MINIMUM

Figure 4.1.(a) General appearance of equipotentials in the near-wake region
downstream of a conductive cylinder in a collisionless plasma crossflow with

a large ion speed ratio S, and a large ratio of cylinder radius to Debye length.

(b) Same situation except that the cylinder is dielectric and emits
secondary electrons and/or photoelectrons. In (b) the dotted curve is the
locus of most-negative potentials along surface normals (the negative "ridge"

mentioned in Sec. 4.2).
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Figure 4.2. Normalized wake potential ¥ = -ed/kT,, vs normalized distance
£ = y/ADeh from the wake centerline, as given by solutions of Egs. (4.5) and
(4.13) for various values of the normalized wake half-width € nax 8iven by the
intercepts of these curves with the £ axis. The solid curves are for
normalized wake ion density Mot Nweh equal to zero. The dotted curves are

for nonzero values of this quantity as shown.
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Figure 4.3. Normalized wake potential well depth Voax =
normalized wake half-width Emax = Ymax”  Deh 25 8iven by Eq. (4.9) for
normalized wake ion density n /Neh €qual to zero, and by numerical
solutions of Eq. (4.13) for nonzero values of this quantity. Dotted curves
show limiting forms of Eq. (4.9) given by Egs. (4.10) and (4.11).
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ION ORBIT
INTEGRATION

——fe-

Figure 4.4. General appearance of three types of ion orbits impacting the
downstream point (r = r_, 8 = 0) in the presence of an assumed wake
potential distribution given by Egs. (4.18) and (4.19).
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Figure 4.5. Normalized ion density n = nl/nico at the downstream surface point
(r = e © = 0) in the presence of the potential distribution given by Egs.
(4.18) and (4.19), as a function of the ion speed ratio 5, = U/(Zle/mi)%,
for various values of the normalized downstream-point surface potential x =
e¢0/kTi. Values of n, for x, = O are given by Eq. (4.17). For X, <0,
values of n, are given by Eq. (C17) with [ evaluated as described in Appendix
C and using the computer program listed in Appendix [).
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Figure 4.6. Geometry for "improved" calculation of wake half-width, for: (a)
cylinder or sphere (b) thin disk or plate normal to ion drift.

130




-200} |
B
o ial, .
150} " volts Ap given
sl given
-100 geometry given
-50} |
o L 1 1 1
1010 100
flux ratio R —
Figure 5.1. Expected general appearance of graphs of spacecraft surface

potential as functions of ambient hot electron to total ion flux ratio R.
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EXTRA GRID LINES
AT 85° AND 95°

~
CONDUCTIVE
DIELECTRIC ~, SECTORS

/ . v\
[ION \ .o F X
DRIFT 180 X~ F0
SPACE-
CRAFT .

wr

Figure 5.2. Geometry of simulated spacecraft used for computational
purposes. The outer boundary of the computational domain is a square
whose sides are at x = *5r_, y = iSrS, where rg is the spacecraft
radius. The domaln is covered by the finite-element grid shown in Fig.
5.3. Within the gaps between the conductive sectors, the potential is
assumed to vary linearly with surface position on the cylinder. The dots
on the conductive sectors indicate locations on them where ion currents

are calculated.
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(a)

4 Y e
T v Ll -

Figure 5.3. (a) Upper half of finite-element grid used for computations.
The circular cross-section of the simulated spacecraft is at the center of
the grid. Angular intervals in the grid are 10° except for 80° <6 <
100°, where they are 5°. The radial intervals along the 0°, 90°, and
180° rays are, in order of increasing radial distance: 0.0004, 0.0016,
0.0020, 0.0040, 0.0080, 0.0160, 0.0320, 0.1920, 0.7440, and 3.0.
The seven radial intervals nearest to the spacecraft surface are unresolved

in (a).

(b) Innermost portion of grid shown in (a). The first through
fifth radial intervals nearest to the spacecraft surface are still unresolved

in (b). 133
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Figure 5.4. Surface Potentials as functions of position for the spacecraft
geometry shown in Fig. 5.2, for ratios R of hot electron to total ton

ambient flux as shown. 134




APPENDIX C: DETAILS OF MODEL CALCULATION OF
DOWNSTREAM-POINT ION DENSITY DESCRIBED IN SECTION 4.3

Equation (4.20) implies that:

Ve = * - (2(C - mq g C1)

We substitute this into the equation of conservation of total ion energy E:

E=5mv2+qe(r,0) = 5mlv 2+ vy? +qglo)/r? (€2)
to obtain:
. T2 (- c
W=t [ E B ©3)

We introduce dimensionless variables as follows:
_ 0 3 C o i 2
1 =L/ L(zkai) rg |3 o= C/| mkTr_

u= v(m/2l<'1‘i)é ; €= E/kTi; X = qd)/kTi
£=q 8(9)/(‘<Ti1”52) y F=r/rg (C4)
£ = (f/ng) (KT /m)

where f = Flv, vy) is the two-dimensional velocity distribution function given by:

~ o 0]
f = dzn/dvxdvy = f fdvZ (CS)

age o]

Cl




Equations (C1) and (C3) then become:

u.=* (€ - c/f:z)é sug =% o - g(e)]é/;" (C6)

The relation r d6/dr = VG/Vr then leads to:

) r
N d6’ _ | dr C7)
[c—§<e’>ﬂ R (er2—c)?
0

With g(0) given by Eq. (4.19), both of these integrals can be evaluated
analytically in closed form. Equations (4.19), (C4), and (C6) imply that:

g(8) = xo (1 - 462/7%) < O for (6] < /2

2

c=ug. t X, (C8)

e=u?+yx =ul_+c 2 ¢
o) 0 ro

2
From conservation of energy, we also have € = u_, where u_is the

dimensionless ion speed at infinite radius, and therefore € > O since all ions

come from this radius. Since r 2 1, Eq. (C6a) then indicates that lurl is an

increasing function of r, so no turning-points of radial motion can occur outside
the spacecraft, for those ions which reach the downstream point (r,6) = (1,0).

However, in the downsteam region, g(8) increases from Xo <0to0as |6

increases from O to n/2 (Fg. C8).

c2




Therefore, if ¢ <0, ug as given by Eq. (C6b) will become imaginary before |6
reaches m/2. In this case, there will exist turning-points of circumferential
motion, at angular positions 6 = * Gm (Fig. 4.4) given by ¢ - g”(em) =0, i.e.:
O = 700/ V X, (©9)
A reversed ion orbit having ¢ < 0 may or may not reach such a turning-point
before reaching infinite radius. Figure 4.4 shows typical ion orbits for ¢ > 0
and ¢ < 0. A numerical example of ion orbits having angular turning-points, in
the neighborhood of a circular disk probe coplanar with a spacecraft surface, has

been given by Parker and Whipple (1970, Fig. 5). Far from the spacecraft, we

assume that the ion velocity distribution is a drifting Maxwellian given by:

f = (1/m) exp [-(u - S

= (1/m) exp (—ux2 - uy2 +2uS; - Siz) (C10)

= (1/m) exp (-€ + ZUXS.‘\' Siz)
Liouville’s theorem for one particle implies that f is constant along each
collisionless ion orbit (Bernstein and Rabinowitz, 1959), so we can use (C10) to
find f for any such orbit, specified by given values of the impact velocity

components u_ - and ug  at the downstream axial surface point, if we can find the

corresponding values of u_ and u, far from the spacecraft. For each orbit, (C8)

C3




can be used to find € and ¢. For an ion orbit having ¢ > 0, f can be found by
first using the integrated form of (C7) to find the radius r at which the orbit
intersects the line 6 = /2 (the y-axis), then using (C6bb) to find u = ~Ugs then
substituting this into (C10). For ¢ < 0, the procedure is more complicated.

For both c < 0 and ¢ > 0, we define:
6

) = f d6’/(c - gen?
0

6
2 2
= J 46’/ [ug, + 4x, 672/n2)?
O

q [2V-x 6
= . — sin ! I(—;TI:L}—O_ : (Cii)
2V=X, y 6o

for {6| < the lesser of 6_ or m/2. We also defire:

CE
H(r) :I dr//{r’(er’? - ¢)¢ ]

1

For ¢ > 0, we obtain:

~ . -1 ~
H(r) = (1/Vc) [sin Vc/e - sin Vc/(er?) } (C12)

and for ¢ < 0:
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n|Ye-¢c + V-c
xc \_/:— c/r? + \_/—.C/F2

H(r) =

(C13)

For ¢ < 0, the procedure for finding ft is now as follows. We first calculate Fi’

the normalized radius of the first angular turning-point on the reversed ion orbit
(Fig.4.4). To do this, we equate H(Fi), from Eq. (C13), to G(®_)=m?/(4V-x_ ),
from Eq. (C11), and solve for rr. We next divide H{w) - H(r,) by G(8_) -
G(—Gm) = "2/(2\-/:;(-0)' The integral part of this quotient is the number K of
complete continuous traverses by the ion orbit between —Om and 6m in either
direction. If K is even, the last angular turning point is at 6 __. If K is odd, it is

at —Gm. In either case, we next calculate H(r‘kH) = H(ri) + ZKG(Gm). If K is

even, the "final" direction 6, at infinity, of the reversed ion orbit is now given

by G(6_) - G(Bg) = Hlw) - H(r ). IfK is odd, 8 is given by G(6¢) - G(-8_)
= H(oo) - (r‘k+1). Solving yields:
mu r
9=t O cos | 2L (C14)
2V-X, V=X,

for K even or odd, respectively, where:

P =

In(VI-c/e + V-c/e ) -H rk+i’ (C195)

V-c
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We then have, at infinite radius:

u. = - Ve
u, = u_ cos Of (C16)
uy =u. sin 9f

for substitution into Eq. (C10).

2 2
In terms of the velocity-space polar coordinates uy =l + Ugq )é, a=
-1 . P .
tan © lug /4 ) and making use of the symmetry of [ with respect to a, the ion

o

number density at the downstream axial surface point is now given by:

© (71’/2 .
n, = n.l/nioo =2 J . uoduo J f(uo, a5 X Si) da
(=x)° o 17
=0 Xy S

and, with f evaluated as described in Egs. (C1) - (C16), this gives an "improved"
approximation [compared with Eq. (4.17)] for values of n,; to be substituted into
Eq. (4.13) or (4.14). The absence of turning-points of ion radial motion for € >
0, which we noted following Eq. (C8), implies that all of the ion orbits involved
in the integration of (C17) "connect back to infinity" and none of them have
originated elsewhere on the spacecraft. Although a general proof appears

difficult to formulate, this probably means that Eq. (C17) overestimates n; at

cé6




(r, 8) = (1,0}, whereas £q. (4.17) underestimates it. In the applications treated
in Sec. 4.4, the spacecraft geometry is closer to that of Fig. 4.6b than Fig.

4.6a, and this probably implies an even smaller icn density near surfaces in the

central wake region.

We have evaluated (C17) numerically using standard methods. The resulting
values of n, appear in Fig. 4.5. These values have been computed to a relative
numerical accuracy of about 0.003 or better. The computer program used for

doing this is listed in Appendix D.
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